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ABSTRACT OF THESIS 
 
 
 
ENHANCING ARTHROPOD ECOSYSTEM SERVICES IN TURF: 
MOWING HEIGHT, NATURALIZED ROUGHS, AND OPERATION POLLINATOR 
 
 
The goal of this study was to evaluate several sustainable turf maintenance techniques for 
their potential to increase beneficial insect populations, which could then provide 
ecosystem services including pest suppression and pollination. The three techniques in 
question were 1) raising mowing height in commercial and residential lawns, 2) 
establishing naturalized roughs on golf courses, and 3) creating pollinator refuges on golf 
courses through the program Operation Pollinator. We found that raising mowing heights 
did increase populations of some predators such as spiders and staphylinids, but did not 
increase predation, which was ubiquitously high because ant populations were unaffected 
by mowing height. In addition, we found that pests reared in high-mowed grass were less 
likely to survive and gained weight more slowly than when raised in low-mowed grass. 
On golf courses, we found that naturalized roughs and traditional roughs supported 
different populations of predators, but contrary to our original hypothesis, naturalized 
roughs had little impact on biological control on the rest of the golf course.  Operation 
Pollinator was successful in supporting 49 species of pollinators, including rare and 
declining bumble bees, demonstrating that turf systems can provide valuable pollinator 
conservation services, especially in urban systems where pollinator habitats are already 
rare. 
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Chapter One: Introduction 
Golf courses in the United States are sometimes perceived as environmentally 
detrimental.  The emphasis placed on both quality playing surfaces and aesthetics leads to 
high-input maintenance programs, including frequent mowing and applications of 
fungicides, herbicides, insecticides, fertilizers, and irrigation.  Such regimes can disrupt 
insect populations by creating habitats with little refuge or alternative food sources for 
many natural enemies, thereby disrupting ecosystem services they provide (Frank and 
Shrewsbury 2004). 
 Golf courses also affect landscape composition. Their construction, which 
requires an average of 54 hectares of land per 18-hole course, often displaces and 
fragments native habitats and animal populations, including those of insects (Terman 
1997).  Mowed golf courses often reduce habitat complexity compared to preexisting 
landscapes (Tanner and Gange 2005), particularly because they consist largely of a 
handful of turfgrass and ornamental species with little structural variation (Raupp et al. 
2010).  While golf courses could serve as valuable green spaces for communities and 
habitat corridors for insects, that role can be limited by the requirements for playability 
and aesthetics. 
 Residential and commercial lawns make up 75% of all turf areas in the United 
States (Held and Potter 2012), and while they are not constrained by playability concerns 
like golf courses, they have become a unique status symbol for Americans.  In many 
communities, a verdant, evenly mowed turfgrass monoculture is not just a source of pride 
for the homeowner, but is also an expectation of  neighborhood associations.  The current 
aesthetic calls for a lawn without the non-uniformity caused by weeds, infrequently 
mowed grass, pest damage, and dormancy—which may require chemical applications, 
mowing, and irrigation.  Together, these treatments can produce the same lack of habitat 
complexity—both in biodiversity and structural variation—seen on golf courses (Held 
and Potter 2012). 
Habitat Complexity 
 Changes in landscape diversity can affect insect biodiversity and insect-provided 
ecosystem services in agricultural systems (Landis et al. 2008, Gardiner et al. 2009a,b, 
Gardiner et al. 2010).  A 2008 study conducted at Michigan State University found that 
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with rising demand for corn, that crop is being more widely grown in the American 
Midwest, causing a large reduction in habitat diversity (Landis et al.).  That, in turn, is 
associated with decreased natural enemy populations, decreased biological control, and 
increased pest pressure, both within corn fields and in the few remaining non-corn 
habitats.  Part of the decrease in natural enemy populations can be attributed to lower 
alternative prey populations and decreased shelter provided in corn monocultures as 
compared to noncrop habitats (Landis et al. 2008).   
 Another large-scale study examined the effects of noncrop and crop habitat 
distribution on ground-dwelling, generalist predators (Gardiner et al. 2010).  The study 
focused on predators that could colonize crops and provide pest control while still being 
able to retreat to noncrop habitats when resources are scarce or disturbance levels are 
high.  A strong positive relationship was observed between spider abundance and a 
weaker positive relationship for carabid beetles in crop fields in landscapes which also 
had a large proportion of grassland and forested areas.  Habitat generalists therefore may 
provide greater ecosystem services as habitat complexity increases (Gardiner et al. 2010).    
A similar study found that increases in landscape diversity are also capable of more 
specific contributions, such as enhancing biological control of an introduced crop pest 
(Gardiner et al. 2009b). 
Habitat Complexity and the Urban Landscape 
 Perhaps instigated by the evidence that increased landscape diversity yields 
greater biological control in agricultural systems, other studies have examined the effects 
of habitat complexity on the urban landscape (Faeth et al. 2005, Shrewsbury and Raupp 
2006, Raupp et al. 2010).  A study conducted by researchers from the University of 
Maryland examined the role of habitat structural complexity in top-down and bottom-up 
effects on herbivore populations in urban environments (Shrewsbury and Raupp 2006).  
They, for example, found that a specialist pest species was 120 times more abundant in 
simple habitats than in complex habitats, and that generalist arthropod predator 
populations were higher in complex than in simple habitats (Shrewsbury and Raupp 
2006).   
 The specialist pest appeared to be less abundant in complex habitats because it 
was suppressed by increased natural enemy populations (Shrewsbury and Raupp 2006).  
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They suggested several mechanisms that may account for more abundant predation in 
complex habitats:  greater refuge from intraguild predation, greater refuge from 
cannibalism, more alternative food sources (including pollen, nectar, and alternative 
prey), and greater microclimatic variation (Shrewsbury and Raupp 2006).  This study 
indicates that even when considered on a smaller spatial scale than agricultural 
landscapes, the trend towards greater natural enemy populations with greater habitat 
complexity remains consistent. 
Habitat Complexity and Turfgrass Systems 
 On an even smaller scale, a few studies have examined the effects of habitat 
complexity on natural enemy populations and biological control in turfgrass systems 
(Braman et al. 2002, Frank and Shrewsbury 2004, Joseph and Braman 2009, Held and 
Potter 2012).  Joseph and Braman (2009) found that certain generalist arthropod predator 
families were more abundant in higher-mowed and weedier turf, both of which contribute 
to increased habitat complexity (Raupp et al. 2010).  Furthermore, planting conservation 
strips (a cross between beetle banks and flowering insectaries) in roughs near fairways of 
Maryland golf courses increased natural enemy (carabids and some parasitoid wasps) 
populations nearby (Frank and Shrewsbury 2004).  Predation of the black cutworm, a 
turfgrass pest, was increased in roughs and fairways near the planted conservation strips 
(Frank and Shrewsbury 2004), suggesting that increasing habitat complexity, even on a 
small scale, can augment pest control. 
 Greater habitat complexity does not, however, always yield greater natural enemy 
populations.  Braman et al. (2002) tested if providing a complex, non-turf refuge in the 
form of wildflower banks near turf systems, would inflate natural enemy populations and 
serve as a source of colonizing predators for the nearby turf.  Some beneficial arthropod 
families were augmented in the wildflower plots themselves, but few increased in 
abundance outside of the wildflower plots.  Additionally, predation on the two sentinel 
pest species was not increased by proximity to the wildflower plots (Braman et al. 2002).  
This suggests that the relationship between habitat complexity and biological control may 
not always be satisfyingly clear and should be further tested, especially considering the 
current openness to sustainable pest control by golf course superintendents and 
homeowners.   
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Research Objectives 
 The research reported herein examined the effects of increased habitat complexity 
on insect biodiversity and ecosystem services through three approaches:  1) raised 
mowing heights in lawns, 2) integration of naturalized roughs into golf courses, and 3)  
implementation of the pollinator conservation program Operation Pollinator for Golf 
Courses. 
Raised Mowing Heights in Lawns 
 While many homeowners are firmly committed to having an attractive lawn 
(approximately 82 million US households participated in some form of lawn and garden 
care in 2007 (Potter 2005)), surveys have shown that if an environmentally-friendly 
cultural control is presented many homeowners are eager to try it, especially if it is 
inexpensive and low-effort (Matheny et al. 2009).  One such practice is raising lawn 
mowing height, which saves both money and time by reducing mowing frequency.   
 Raising mowing height affects much more than aesthetics.  Elevated cutting 
height increases root depth, growth rate, diameter and production of roots and rhizomes 
(Turgeon 2011).  Mowing reduces energy allocation to roots, crowns, and flowers in 
order to increase energy allocation to recovering foliage surface area.  Endophytic 
turfgrasses that are mowed low and often have been observed to have reduced alkaloid 
production (Salminen et al. 2003) which could make them less resistant to herbivores.  
Elevated mowing heights may also reduce canopy temperatures, especially during the 
summer (Potter et al. 1996). 
 These changes in the turf itself can affect both turf pests and beneficial insects.  
White grubs, particularly masked chafers (Cyclocephala spp.), had decreased population 
densities, fewer 3
rd
 instars, and lower average weights when reared in high-mowed plots 
than those grown in low-mowed plots (Potter et al. 1996).  The tougher and more fibrous 
root system of the high-mowed plots may have resulted in poorer food quality for the 
white grubs, though another possible explanation is that reduced canopy temperatures 
caused slower development and reduced weight in the grubs (Potter et al. 1996).  Greater 
rates of grub predation have also been observed in high-mowed roughs than in low-
mowed fairway turf of golf courses (Jo and Smitley 2003).  However, little is known 
about how predators respond to different mowing heights of lawns. 
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Naturalized Roughs 
  Approximately 44% of golf U.S. courses have reduced maintained turfgrass and 
increased their non-turfgrass areas by 10 acres or more over the last 10 years (Lyman et 
al. 2007).  Golf course community newsletters and non-scientific golf magazines 
increasingly have articles on the topic of reducing mowed areas and replacing them with 
lower-maintenance habitats such as mulched beds, naturalized roughs, and wildflower 
banks which are more likely to foster attractive wildlife (Brame 2012, Gross and 
Eckenrode 2012, Swift 2012). 
 Golfers may resist introducing naturalized roughs where there used to be pristine 
turf because of concerns for playability, but these concerns can usually be assuaged with 
the help of a golf course architect who can direct growth of naturalized roughs in 
completely out-of-play areas (Gange et al. 2003).  Furthermore, when introduced as a 
way to increase native wildlife populations (whether birds or migratory insects) and to 
reduce the environmental burden created by the golf course, most golfers are receptive to 
increasing the area of the golf course occupied by naturalized roughs (Terman 1997, 
Gange et al. 2003). 
 Naturalized roughs can increase habitat complexity within the course itself, as 
well as the urbanized areas in which golf courses usually occur.  With an increase in plant 
species and vegetational structural diversity, plus the medium level of disturbance 
supplied by annual mowings, an increase in predatory arthropod abundance and 
biodiversity can be expected (Raupp et al. 2010).  The "enemies hypothesis" suggests that 
natural enemy populations will be higher in naturalized roughs than mowed roughs, 
perhaps because of increased refugia, some specialization to variations in microclimate, 
and increased alternative food resources, including alternative prey, nectar, and pollen 
(Root 1973, Shrewsbury and Raupp 2006).  This could result in greater pest control, both 
within the naturalized roughs and radiating out into the mowed turf (Frank and 
Shrewsbury 2004). 
Operation Pollinator for Golf Courses 
 Naturalized areas (or, at least, areas of greater plant biodiversity) have been 
explored to a certain extent as refuges for natural enemies on golf courses (Joseph and 
Braman 2009, Frank and Shrewsbury 2004, Braman, et al. 2002, Terman 1997).  
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However, they have never been evaluated for their potential as sanctuaries for native bees 
and other pollinators—a topic which is currently of great interest given the population 
declines of many native pollinators due to habitat loss (Carvell et al. 2006).  Nectar-
producing perennials or biennials associated with infrequently disturbed semi-natural 
vegetation are an important resource for native pollinators, a role which naturalized 
roughs could easily fill (Carvell et al. 2006). 
 To this purpose, Operation Pollinator for Golf Courses was established in the 
United Kingdom in 2010 by Syngenta.  The program is attempting to reverse the decline 
of valuable native pollinators by planting native wildflowers banks to create nectar- and 
pollen-rich habitats in out of play areas.  It has already been implemented on several 
hundred European golf courses.  One experimental site with a similar goal has already 
been established in the United States, but its purpose was to evaluate wildflower 
plantings for native pollinators' conservation in fruit crops (Isaacs et al. 2010). 
Objectives 
I. Raised Mowing Heights in Lawns: 
a. Investigate differences in insect biodiversity and abundance in high- and 
low-mowed lawns, with particular emphasis on predators and parasitoids 
b. Investigate differences in predation, parasitism, and pest performance in 
high- and low-mowed lawns 
Hypothesis:  The greatest degree of insect biodiversity, predation, and 
parasitism will be found in high-mowed lawns.  The greatest degree of 
pest performance will be found in low-mowed lawns. 
II. Naturalized Roughs: 
a. Investigate differences in insect biodiversity and abundance in naturalized 
roughs and mowed roughs, with particular emphasis on predators and 
parasitoids 
b. Investigate differences in predation and parasitism in naturalized roughs 
and radiating out into mowed roughs 
Hypothesis:  The greatest degree of insect biodiversity, predation, and 
parasitism will be found in naturalized roughs. 
III. Operation Pollinator for Golf Courses 
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a. Evaluate wildflower mixes for cost, ease of establishment, bloom 
sequence, and attractiveness to native pollinators 
b. Document the biodiversity of native pollinators in both planted and fallow 
patches of naturalized habitat on golf courses 
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Chapter Two: Conservation Biological Control in Lawn Turf:                                 
Does Mowing Height Matter? 
Introduction 
Turfgrass lawns are an integral part of American culture (Beard and Green 1994).  
Mowed turfgrasses cover over 16 million ha in the continental United States, an area 
three times larger than any irrigated crop, over 75% of which is comprised of residential, 
commercial and institutional lawns (Milesi et al. 2005, Haydu et al. 2005).  An estimated 
84 million households engaged in lawn and garden activities in 2003 (US-EPA 2012).  
Besides providing important aesthetic and recreational benefits (Beard and Green 1994), 
lawns help to reduce soil erosion and surface runoff, dissipate urban heat through 
transpirational cooling, and reduce noise and glare compared to impervious surfaces 
(Beard and Green 1994, Krenitsky et al. 1998, Spronken-Smith et al. 2000, Peters et al. 
2011).  Turfgrass soils also have high potential to sequester atmospheric carbon and help 
mitigate global climate change (Bandaranayake et al. 2003, Qian et al. 2010, Zirkle et al. 
2011, Selhorst and Lal 2013).   Those environmental benefits, however, are offset to 
varying degrees by the amount of fossil fuels, water, and other inputs used in lawn 
maintenance (Blanco-Montero et al. 1995, Milesi et al. 2005, Selhorst and Lal 2013).  
Restrictions such as those some communities have enacted on municipal water use for 
lawn irrigation (MassDEP 2010), or on chemical pesticide or phosphorus-containing 
fertilizer usage on residential lawns (e.g., Sandberg and Forster 2007, State of Minnesota 
2010) are likely to become more widespread as natural resources become more limited.  
Such concerns are creating interest in sustainable lawn care practices (Leslie and Knoop 
1989, Carpenter and Meyer 1999, Sandberg and Foster 2007).  
 Nearly all lawns are regularly mowed for aesthetic reasons.  Excessively low 
mowing results in significant plant stress, whereas grass maintained at a higher mowing 
height will produce a deeper, more extensive root system (Turgeon 2011) which in turn 
helps the grass survive drought, compete with weeds (Busey 2003, DeBels et al. 2012), 
fend off diseases (Davis and Dernoeden 1991), and tolerate insect herbivory (Potter et al. 
1996, Salminen et al. 2003). Taller grass also shades and cools the soil surface, reducing 
weed germination and helping to retain soil moisture (Hull et al. 1994).  Another benefit 
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of high mowing height is that a lawn does not need to be mowed as often (Turgeon 
2011).  Fossil fuel-driven lawn mowing emits as much as 0.85 kg of carbon equivalent 
into the atmosphere for every 1 kg of gasoline combusted (Karl et al. 2001, Selhorst and 
Lal 2013), and in some communities, lawn clippings comprise the largest single waste 
product going into city landfills (Leslie and Knoop 1989, Blanco-Montero 1995).  
Clearly, mowing at the upper end of the range of heights suitable for a particular grass 
species will reduce fuel combustion, yard waste, and need for irrigation and chemical 
inputs (Hull et al. 1994, US-EPA 2004, Vincelli et al. 2005) and doing so may increase a 
lawn’s net carbon sequestration capacity (Selhorst and Lal 2013).  This study focused on 
two other mechanisms, both related to suppression of arthropod pests, by which higher 
mowing might promote more sustainable lawns,  
 Healthy lawns support a rich community of invertebrate natural enemies that help 
suppress pest populations (Bixby-Brosi and Potter 2012a).  How a lawn is maintained 
affects populations of both pests and natural enemies (Held and Potter 2012).  Nitrogen 
fertilization, for example, can enhance the food quality of grasses for foliage-feeding 
insects (Busey and Snyder 1993, Davidson and Potter 1995) whereas withholding 
irrigation may discourage pests whose early life stages require moist soils (Held and 
Potter 2012).  Manipulating mowing height along fairway-rough interfaces on golf 
courses while controlling for grass species, irrigation, and pesticide use resulted in 
threefold more predatory staphylinid beetles, and significantly fewer Ataenius spretulus 
(Haldeman) grubs, root-feeding scarab pests, in rough-mowed (5.1 cm) as opposed to 
fairway-height (1.6 cm) turf (Smitley et al. 1998, Rothwell and Smitley 1999, Jo and 
Smitley 2003). Predation on implanted grubs also tended to be higher in the taller grass 
(Jo and Smitley 2003) suggesting that the generally higher A. spretulus populations in 
fairways compared to roughs may be due in part to the former supporting fewer natural 
enemies and receiving less natural biological control.  To date, comparable published 
studies concerning mowing effects on natural enemies and biological control services in 
lawn turf are lacking. 
 Mowing or grazing can affect the arthropod fauna in natural grassland habitats or 
pastures by altering plant growth and architecture, vegetation diversity, and nutritional 
suitability of the grass itself (Watts et al. 1982, Tscharntke and Greiler 1995, Kreuss and 
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Tscharntke 2002a,b).  Plant height and architectural complexity are major determinants 
of diversity of both plant-feeding and entomophagous arthropods (Lawton 1983, Morris 
and Rispin 1987, Dennis et al. 1998).  For example, vertical structure affects the 
availability of oviposition and feeding sites for grass-feeding invertebrates (Williamson 
and Potter 1997, Dennis et al. 1998), whereas linyphiid spiders, which are common 
predators in turfgrass, benefit from horizontal variations in vegetation height for web 
construction (Gibson et al. 1992).  Taller grass provides shading, cooling, and moisture 
retention which might favor or discourage particular arthropod species depending on their 
response to such factors (Hull et al. 1994). Elevated mowing heights may also buffer 
epigeal arthropods from physical disturbance by mowing.  Mowing height and frequency 
may also affect quality of grass tissues as food; e.g., frequent low mowing decreases 
alkaloid levels in endophytic turfgrasses (Salminen et al. 2003), and the relatively more 
fibrous root systems of high-mowed grasses may be less suitable as food for scarab 
grubs, compared to those maintained at low height (Potter et al. 1996).   
 This study focused on two mechanisms by which higher mowing might help to 
suppress grass-feeding insect pests and contribute to more sustainable lawns.  We 
manipulated the mowing height of turf-type tall fescue, sampled predatory arthropods, 
and evaluated predation and parasitism of sentinel pest eggs and larvae to test the “top-
down” hypothesis that relatively high-mowed lawn grass supports a larger and more 
diverse community of natural enemies which in turn provides stronger biological control 
services compared to low-mowed turf.  We also tested the alternative “bottom up” 
hypothesis that, irrespective of natural enemies, low-mowed turf is nutritionally and 
environmentally more conducive to growth and survival of grass-feeding insect pests 
compared to high-mowed grass. 
Materials and Methods 
Site Establishment, Maintenance, and Mowing Regimes 
 The experimental site was a stand of ‘Falcon’ turf-type tall fescue (Festuca 
arundinacea Schreb. syn. Festuca arundinacea (Schreb.) Darbyshire) established on 31 
May 2011 on a Maury silt loam soil (fine silty, mixed, mesic, typic Paleudalf, pH 6.3) at 
the A.J. Powell Turf Research Center, University of Kentucky Spindletop Farm, 
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Lexington, KY.  Twelve plots (4.88  7.32 m; 2  6 layout, 1 m borders) were 
established, then plots paired by proximity were randomly assigned to be maintained at 
either “low” (6.4 cm) or “high” (10.2 cm) mowing height.  All turf was mowed once per 
week during the growing season with a rotary mower, and clippings were returned.  To 
simulate a relatively low-maintenance lawn care regime, irrigation was only applied 
when needed to alleviate drought stress, a single fertilizer application (48.8  kg / Ha from 
urea on 2 Nov 2011) was made in the fall,  a single pre-emergent herbicide was applied 
(0.59 L/.40 ha Barricade on 27 March 2012), and no insecticides were applied. 
Predatory Arthropod Populations in Low- versus High-Mowed Turf   
Three methods, pitfall trapping, vacuum sampling, and ant baiting (Fig 2.1), were 
used to assess and compare activity-density or relative abundance of predatory arthropods 
in the high- and low-mowed plots.  Sampling was done twice each growing season, in 
June and September 2011, and again in May and August 2012. 
 Vacuum sampling was done with a gas-powered leaf blower (Troy-Bilt, 
Cleveland, OH),  reversed for suction with a paint strainer clamped inside the intake tube 
to catch arthropods and organic matter.  Each sample consisted of two parallel 7.32 m 
transects lengthwise within each plot, walking slowly while guiding the 14 cm diameter 
opening of the intake tube through the grass canopy lightly contacting the thatch.  
Sampling both transects took about 60 sec per plot.  Samples were then removed from the 
paint strainers and emptied into separate Berlese-Tullgren funnels (Burkhard Scientific, 
Uxbridge, Middlesex, UK) which were covered with a fine mesh to prevent larger 
arthropods from escaping.  Samples were dried for 24 h under a 25 watt incandescent 
bulb that extracted most of the arthropods into 75% alcohol beneath the funnel. The dry 
litter samples were transferred to plastic bags, frozen, and sorted by hand to remove any 
remaining arthropods.  Predominant taxa including Carabidae, Staphylinidae, Formicidae, 
predatory Hemiptera, Coccinellidae, predatory beetle larvae, and parasitoids were sorted 
to family or guild.  Species richness and diversity analyses were not done for the vacuum 
samples because some of the smaller arthropods were not as well preserved as those in 
the pitfall trap samples, making species identification more difficult. 
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Figure 2.1.  Techniques for sampling predatory arthropods.  A.  Vacuum sampling using 
a gas-powered leaf blower.  B.  Pitfall sampling.  C.  Ant bait sampling using either pecan 
sandies (pictured) or canned tuna. 
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Pitfall traps consisted of a pair of nested plastic cups (473 mL, 9.53 cm top diameter, 
Solo, Lake Forest, IL) set into the ground with the lip of the top cup level with the soil 
surface.  This allowed the inner cup to be lifted and refilled without disturbing the trap 
site.  Three pitfall traps were placed in a row (1.5 m apart) down the center of each plot.  
For sampling, each trap was filled with 3 cm of ethylene glycol to kill and preserve 
arthropods, left undisturbed for 3 days, and then the three pitfall samples per plot were 
pooled and transferred to 70% ethanol.  The same predatory arthropod groups were 
evaluated as for the vacuum samples.  Staphylinidae and Formicidae were the two most 
abundant groups and were further evaluated for species richness, evenness, and diversity 
using the Simpson (1-D) Index (Magurran 2004).  Ants were identified using keys in 
Coovert (2005) and by comparison with specimens in a reference collection.  The three 
most abundant staphylinid species were identified by Dr. E.R. Hoebeke (University of 
Georgia).  For staphylinids, richness, evenness, and diversity were based on numbers of 
those identified species and other less abundant, non-identified but distinct morphotypes. 
 Ants typically are the dominant predators in turf systems (Cockfield and Potter 
1984, López and Potter 2003) so we further assessed their populations using two types of 
baits (Gotelli et al. 2011).  Protein baits consisted of 7 g of canned tuna in oil. 
Carbohydrate baits consisted of quartered cookie sections (Sandies Pecan Shortbread 
Cookies, Keebler, Elmhurst, IL).  Baits were placed on individual plastic cards (7  7 
cm). Three cards with each bait type were placed in a plot in a checkerboard pattern, 
individually covered with wire cages (0.64 cm mesh hardware cloth) to exclude 
vertebrates and large arthropods, and left out for 3 h.  They were then collected along 
with their accumulated ants, bagged, and refrigerated at 4° C until sorting, The ants were 
removed, stored in 70% ethanol, identified by keys (Coovert 2005), and evaluated for 
species richness, evenness, and diversity using the Simpson (1-D) index.  Specimens 
attracted to the protein and carbohydrate baits were combined to provide a composite 
sample of ants foraging within a given plot during each interval that the baits were in the 
field.    
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Biological Control of Black Cutworm Caterpillars and Eggs   
 Predation assays were done to compare biological control in the turfgrass 
maintained at high and low mowing height (Fig 2.2). For sentinel prey we used eggs and 
caterpillars of the black cutworm, Agrotis ipsilon (Hufnagel), a common foliage-feeding 
turfgrass pest (Williamson and Potter 1997).  The trials were done on four dates 
coinciding with the aforementioned sampling periods in 2011 and 2012.  Caterpillars and 
eggs used in these and subsequent assays were shipped overnight from a commercial 
insectary (Benzon Research, Carlisle, PA).   
 Third-instar cutworms were pinned through their terminal abdominal segments to 
tapered corks (2.54 cm top diameter, 5.1 cm deep).  The pin was deeply pushed in near 
the top perimeter of the cork so that the caterpillar could reach and feed on nearby grass 
but was unable to pull loose by its own exertions.  Each cork was then individually 
inserted into a hole (2 cm diameter) made in the turf with a soil sampler, pushed down 
until the top was level with the upper thatch, and covered with an individual open-bottom 
wire cage (1.27 cm mesh) secured to the turf with U-shaped pins to prevent bird or small 
mammal predation. Ten corks with individual sentinel caterpillars were placed 1 m apart 
in two rows of five lengthwise in the central portion of each plot.  On each date, 120 total 
caterpillars were placed in the plots between 9–10 AM, left for 24 h, and then evaluated 
to determine how many were intact, missing, or had been killed and partially consumed.  
 Pieces of linen fabric upon which black cutworm moths had deposited eggs were 
shipped to us by overnight delivery.  Small pieces of the fabric (about 1 cm
2
) with 20 
black cutworm eggs (< 2 d old) were cut out with scissors and attached with double-sided 
tape about 8 cm above the pointed tip of wooden garden stakes (30 cm long, 3 cm wide).  
We placed two such eggsticks in each plot along the center line facing inward.  Black 
cutworms attach their eggs mainly on the apical portions of turfgrass blades (Williamson 
and Potter 1997) so the stakes were pushed into the ground until the eggs were level with 
the top of the grass foliage. Additional eggsticks to which a band of gel stickum 
(TangleTrap, Contech, Victoria, BC, Canada) was added below the eggs (to exclude 
ground-dwelling predators and trap or confine any newly eclosed larvae) were included 
for each mowing height as hatching controls, although the use of relatively young eggs 
was to preclude hatching during the period the sentinel eggs were exposed.  The  
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Figure 2.2.  Biological control assays using black cutworm larvae and eggs.  A.  Sentinel 
prey larva pinned to cork.  B. Sentinel prey eggs attached to wooden stake. C. Daytime 
predation observations. D. Nighttime predation observations. E. Pheidole sp. attacking a 
black cutworm larva during PM predation observations.  
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eggsticks were placed in the plots at the same time as the sentinel caterpillars, and 
retrieved after 24 h to determine how many eggs had been consumed. 
 To gain insight about what types of arthropod predators accounted for the 
observed high mortality of cutworm caterpillars under both mowing regimes, a team of 
four observers monitored and recorded predation events in situ during 3-h sessions in the 
morning (9 AM to 12 PM) and evening (8 PM to 11 PM) on 16 Aug 2012 (Fig 2.2).  Five 
pinned caterpillars on corks as described above were placed in each plot at the beginning 
of each observation period. Each plot was examined every 30 min and numbers and types 
of predators found feeding on the sentinel caterpillars were recorded.  If the predator 
could not be confidently identified, it was collected and identified in lab.  Red-filtered 
flashlights were used for nighttime observations.   
 Black cutworm eggs are sporadically parasitized by the encyrtid wasp 
Copidosoma bakeri (Howard), a polyembryonic species that oviposits in host eggs and 
emerges from late-instar larvae (Bixby-Brosi and Potter 2012b).   Parasitism was 
assessed using eggsticks, each with 10 black cutworm eggs, prepared as described for the 
predation trials.  Four such sticks were placed in each plot on 24 July 2012, coinciding 
with the caterpillar performance trials described in the next section.   The eggsticks were 
left in the plots for 24 h, and then brought to the lab and reared in incubators as described 
below.  Eclosed caterpillars were reared on diet until they pupated, died, or parasitoids 
had emerged. 
Performance of Grass-Feeding Caterpillars 
Performance assays were conducted using third-instar fall armyworms (Spodoptera 
frugiperda (Smith)) and black cutworms.  Two metal rings (39 cm diameter, 10.2 cm 
height) were driven 2 cm into the ground in each plot (Fig 2.3A). A cohort of 20 black 
cutworms was introduced into one of the enclosures, and 20 fall armyworms were added 
to the other enclosure within each plot.  Caterpillar cohorts were blocked by their initial 
weights. The inner surfaces of the rings were greased with petroleum jelly to prevent 
escapes, then the enclosures were covered with chicken wire to prevent bird predation.  
Caterpillars were recovered after 5 days by applying a soap flush consisting of 1.3 mL of 
lemon-scented dishwashing detergent (Joy, Proctor & Gamble, Cincinnati, OH) per liter 
of water (Williamson and Potter 1997).  Caterpillars were immediately rinsed in distilled  
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Figure 2.3.  Performance of grass-feeding caterpillars and density and performance of 
root-feeding scarab grubs.  A.  A 39 cm diameter, 10.2 cm height metal ring driven into 
the ground to contain caterpillar cohorts.  Similar rings were used for scarab grub trials.  
B. The exhumed soil from within a metal ring prior to being broken apart to recover the 
grub cohort placed therein.  C.  The sod-cutter used for sampling naturally-occuring 
scarab grub populations. 
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water, placed into individual cups of soybean- or wheat-germ based diet (Blanco et al. 
2009; Bioserv, Frenchtown, NJ), and then counted and weighed as soon as they were 
brought in from the field.  Growth (weight gain, instar attained) and survival were 
compared between caterpillars that had fed in the high- and low-mowed plots.  Unequal 
numbers of larvae were recovered from some plots so for statistical comparisons of 
growth parameters, averages for the survivors from each cohort (plot) were used.   
 Turfgrass-feeding caterpillars are sporadically parasitized by braconid wasps and 
tachinid flies (Braman et al. 2004, Bixby-Brosi and Potter 2012a,b). To check for 
parasitism, the caterpillars recovered from the field enclosures, after they had been 
weighed, were replaced in their diet cups and individually reared in an environmental 
chamber (25–26  ± 1.0° C; 14:10h (L/D) photoperiod) until they pupated, died, or 
parasitoids had emerged.   
 Grass foliage samples were taken from three different locations in each plot 
during the period when the caterpillars were feeding in the field enclosures and analyzed 
for nitrogen content and endophyte-associated alkaloids, parameters that can affect food 
quality for grass-feeding caterpillars (Clay and Schardl 2002).  Each sample consisted of 
about 50 g (fresh weight) of clippings. The samples were freeze-dried and ground in a 
Wiley mill (Thomas Scientific, Swedesboro, NJ) through a 40-mesh (0.5 mm) screen.  
Nitrogen content was analyzed by modified Kjeldahl analysis (McKenzie and Wallace 
1954).  Ergot and loline alkaloids were quantified according to methods described by 
Siegrist et al. (2010) using a high pressure liquid chromatography fluorescence procedure 
and gas chromatography with a flame ionization detector, respectively.  Three soil 
moisture and temperature readings were taken 1 m apart along the center line of each plot 
between 9 AM and 11 AM on three consecutive days.  
Density, Growth, and Parasitism of Scarab Grubs  
 Root-feeding scarab grubs (Coleoptera: Scarabaeidae), especially two closely-
related Cyclocephala species whose grubs co-occur and are morphologically 
indistinguishable, are the most destructive turf insect pests in Kentucky (Redmond and 
Potter 2010).  First instars eclose from eggs laid in June and July and reach the final 
(third) larval stadium by late August or September when they are vigorously feeding in 
the upper 6 cm of soil as a prelude to overwintering.  Tiphia pygidialis Allen 
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(Hymenoptera: Tiphiidae), a native wasp, parasitizes third instar Cyclocephala in late 
summer and autumn in Kentucky (Rogers and Potter 2004a).  Parasitism rates are 
influenced by grass species (Redmond et al. 2012) so it was of interest to compare them 
on grubs feeding in high- or low-mowed turf. 
 We sampled grub populations on 12 Sept 2011 and 7 Sept 2012 by using a 
gasoline-powered sod cutter to cut a 1.22 m long swath (46 cm wide, 8 cm deep) 
lengthwise through the center of each plot (Fig 2.3C).  Each sod strip was cut into 
sections which were turned over and carefully examined to collect all grubs present.  
Grubs (Cyclocephala spp., Popillia japonica Newman, and Phyllophaga spp.) were 
identified using rastral patterns (Vittum et al. 1999), checked for parasitism (T. pygidialis 
eggs or larvae attached dorsally between the second and third thoracic segments), sorted 
by instar, and weighed. 
 Because natural grub populations are variable (Redmond et al. 2012), a second 
trial was done to assure there would be high enough host densities to compare parasitism 
between the low- and high-mowed plots (Fig 2.3). Several hundred third instar 
Cyclocephala spp. were collected from grub-damaged areas of non-treated golf course 
roughs and examined to ensure they had not already been parasitized. Two metal rings 
(39 cm diameter, 10.2 cm height) were driven 8 cm into the ground in each plot; then a 
pre-weighed cohort of 20 grubs was added to each on 30 August 2012.  Grubs that failed 
to burrow down into the turf and soil within 10 min were replaced.  Grubs were left to 
feed in the enclosures for 2 weeks over which they were exposed to indigenous T. 
pygidialis at the site. The enclosures were then excavated and found grubs were counted, 
weighed, and examined for parasitism as before.  As not all grubs were recovered, 
average weight gain per grub was used to assess weight gain or loss in low- versus high-
mowed turf.  
Statistical analyses 
 Most data were analyzed by 2-way analysis of variance (ANOVA) for a 
randomized complete block design.  Log- or square root-transformations were applied in 
cases where the raw data failed to meet ANOVA requirements for normality and 
homogeneity of variance.  Percentage data were normalized by arcsine square-root 
transformation.  Simpson (1-D) index values were evaluated via Friedman 2-way 
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nonparametric ANOVA for a randomized complete block design.  All analyses were 
performed with Statistix 9 (Analytical Software 2008).  Data are reported as original 
(non-transformed) means ± standard error (SE). 
Results 
Predatory Arthropod Populations in Low- versus High-Mowed Turf   
 Most of the main predatory arthropod groups collected by vacuum sampling were 
relatively more abundant in the high mowed than in the low-mowed turf (Fig. 2.4).  
Staphylinids and spiders were more abundant in vacuum samples from the high grass on 
all dates.  Predatory beetle larvae and adult carabids showed that same pattern on most 
sample dates when they were abundant enough for meaningful comparisons (Fig. 2.4).  
Captures of predatory Hemiptera, mostly Nabidae and Geocoridae, and coccinellid adults 
did not differ between mowing heights on any sample date (data not shown).  Ants were 
very abundant in the vacuum samples but their numbers did not differ between mowing 
heights on any sampling date (P ≥ 0.10) (Fig. 2.4).   
 Pitfall catches of surface-active invertebrates are composite measures of activity 
and abundance that may be affected by habitat structure, invertebrate behavior, and other 
factors (Southwood 1978, Topping and Sunderland 1992, Melbourne 1999). Pitfall 
captures of staphylinids differed between mowing heights on two of the four sample 
dates when, as for the vacuum samples, they were more abundant in the high-mowed 
turfgrass.  Pitfall captures of spiders, too, differed on two of the four dates but showed the 
opposite trend, i.e., greater abundance in the low-mowed plots (Fig. 2.5).  As with the 
vacuum sampling, pitfall trapping showed no difference in activity-abundance of ants 
between the two mowing heights (P ≥ 0.34) (Fig. 2.5).    
 The structure of staphylinid communities in high- or low-mowed plots was 
generally similar in terms of species richness, diversity, and evenness of representation in 
the pitfall samples (Table 1.1).  Staphylinids exhibited significantly higher species 
diversity and evenness, but not richness, in low mowed grass in the June and August 
samples (Table 1.1).  The three most abundant species regardless of mowing height or 
sampling date were Atheta sp. (Aleocharinae: Athetini) (35.6% of total), Rugilus  
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Figure 2.4.  Abundance of predatory arthropods in vacuum samples taken from low- and 
high-mowed turf on four sampling dates.  Data are means (± SE) per plot.  Asterisks are 
shown above bars for which within-date mowing height effect was significant for that 
predator group (two-way ANOVA, P ≤ 0.05) 
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Figure 2.5.  Abundance of predatory arthropods in pitfall samples taken from low- and 
high-mowed turf on four sampling dates.  Data are means (± SE) per plot.  Asterisks are 
shown above bars for which within-date mowing height effect was significant for that 
predator group (two-way ANOVA, P ≤ 0.05) 
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Table 2.1.  Species richness, diversity, and evenness of staphylinid beetles in pitfall 
samples, and of ants sampled by pitfall traps and baits, showing similarity of their 
communities between high- and low-mowed turfgrass. 
 Richness  Simpson (1-D)  Evenness 
 Low High  Low High  Low High 
 Pitfall - Staphylinids 
June 2011   8.3 ± 0.6   7.5 ± 0.6  0.67 ± 0.05* 0.53 ± 0.05  0.70 ± 0.04* 0.56 ± 0.04 
Sept 2011   4.5 ± 0.4   5.0 ± 0.4  0.68 ± 0.06 0.57 ± 0.06  0.05 ± 0.04 0.16 ± 0.04 
May 2012   5.8 ± 1.0   5.3 ± 1.0  0.74 ± 0.04 0.72 ± 0.04  0.90 ± 0.02 0.91 ± 0.02 
Aug 2012 10.2 ± 0.2 10.5 ± 0.2  0.71 ± 0.01* 0.62 ± 0.01  0.68 ± 0.02* 0.60 ± 0.02 
 Pitfall - Ants 
June 2011   6.5 ± 0.5   6.2 ± 0.5  0.60 ± 0.03 0.60 ± 0.03  0.60 ± 0.04 0.62 ± 0.04 
Sept 2011   4.5 ± 0.5   5.3 ± 0.5  0.46 ± 0.03 0.44 ± 0.03  0.56 ± 0.02 0.50 ± 0.02 
May 2012   4.3 ± 0.5   4.2 ± 0.5  0.56 ± 0.04 0.53 ± 0.04  0.70 ± 0.07 0.70 ± 0.07 
Aug 2012   5.8 ± 0.6   5.7 ± 0.6  0.60 ± 0.03 0.55 ± 0.03  0.62 ± 0.06 0.58 ± 0.06 
 Baits - Ants 
June 2011   2.2 ± 0.2   1.8 ± 0.2  0.22 ± 0.06 0.16 ± 0.06  0.42 ± 0.14 0.33 ± 0.14 
Sept 2011   2.2 ± 0.4   2.0 ± 0.4  0.22 ± 0.07 0.02 ± 0.07  0.29 ± 0.09 0.05 ± 0.09 
May 2012   1.7 ± 0.4   1.3 ± 0.4  0.12 ± 0.11 0.17 ± 0.11  0.29 ± 0.22 0.34 ± 0.22 
Aug 2012   2.5 ± 0.3   2.5 ± 0.3  0.17 ± 0.05 0.26 ± 0.05  0.31 ± 0.09 0.48 ± 0.09 
*Denotes significant difference between low- and high-mowed grass on that sample date  
(two-way ANOVA, P < 0.05) 
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angularis (Erichson) (Paederinae:  Paederini) (30.4% of total), and Meronera venustula 
(Erichson) (Aleocharinae:  Lomechusini) (13.5% of total).  At least 12 additional 
staphylinid morphotypes were present but in much smaller numbers.   
 Ants from pitfall traps exhibited no significant differences in species diversity, 
richness, or evenness between high and low mowed turf (P ≥ 0.63) (Table 1.1).  The three 
most abundant species in the pitfall samples regardless of sampling date or mowing 
height were Pheidole sp. (Myrmicinae:  Pheidolini) (44.3% of total), Lasius neoniger 
(Emery) (Formicinae:  Lasiini) (28.5% of total), and Solenopis sp. (Formicidae:  
Solenopsidini) (23.4% of total), though their relative rankings changed seasonally.  
Abundance of individual ant species was unaffected by mowing height except in June 
2011 when relatively more L. neoniger were trapped in the low-mowed than in high-
mowed turf (75.8 ± 15.3 versus 47.3 ± 14.2, respectively, F1,5  = 6.61, P = 0.05).  In 
2011, L. neoniger was the most abundant ant in the pitfall traps in June (44.2%), followed 
by Pheidole sp. (39.9%) and Solenopsis sp. (14.3%).  In September 2011, Pheidole sp. 
was the most abundant (68.7%), followed by L. neoniger (17.6%) and Solenopsis 
(11.3%).  In May 2012, L. neoniger was the most abundant (49.6%), followed by 
Pheidole (32.4%) and Solenopsis (14.4%).  Finally, in August 2012, Pheidole was the 
most abundant (39.3%), followed by Solenopsis (35.1%) and L. neoniger (21.5%).  At 
least eight additional less common ant morphotypes were captured. 
 Similar numbers of ants were attracted to the baits in the low or high-mowed 
plots.  Means were 62  20 versus 26  30, respectively, in June 2011; 635  176 versus 
736  134 in September 2011, 37  14 versus 52  35 in May 2012, and 254  56 versus 
320  167 in August 2012; all P-values for main effect of grass height were > 0.60 except 
in June 2011 when P = 0.23.  The structure of ant communities, too, was similar at both 
mowing heights, with no significant differences in species diversity, richness, or evenness 
between high and low mowed plots on any sampling date (P ≥ 0.31) (Table 1.1).  The 
three most abundant species overall were Pheidole sp. (76.2%), Solenopsis sp. (9.1%), 
and Tetramorium sp. (Myrmicinae:  Tetramoriini) (8.7%), though their relative 
abundance varied on different sampling dates.  In June and September, Pheidole was the 
most abundant (62.7% and 90.7%), followed by Tetramorium (25.2% and 8.4%) and 
Solenopsis (11.5% and 1.0%).  In May, L. neoniger was the most abundant (83.3%), 
25 
 
followed by Tetramorium (13.3%) and Aphaenogaster sp. (Myrmicinae:  Pheidolini) 
(2.6%).  In August, Pheidole was the most abundant (58.0%), followed by Solenopsis 
(29.6%) and Tetramorium (6.1%).  At least five additional less common morphotypes 
were present.   
Biological Control of Black Cutworm Caterpillars and Eggs 
Predators took a heavy toll on sentinel black cutworm larvae on all assay dates 
regardless of the height at which the turf was mowed (P ≥ 0.13) (Fig. 2.6).  Ants 
accounted for ≥ 98% of the 1220 total observed predation events both during daytime and 
at night.  During daylight, Pheidole sp.,  L. neoniger (Emery), and Solenopsis  sp. 
accounted for 60.9, 30.8, and 8.3%, respectively, of 330 observed predation events in the 
low mowed grass, and L. neoniger, Pheidole sp., and Aphaenogaster sp. accounted for 
61.8, 27.6, and10.5% of the 258 observed events in high mowed grass.  During the 
night, Pheidole sp. and L. neoniger accounted for 78.7 and 21.3 % of the 506 observed 
predation events on cutworms in low mowed grass, whereas L. neoniger accounted for 
nearly all (95.7%) of the 126 night-time observed predation in the high-mowed grass, 
with Pheidole sp. contributing the remaining 4.3%.  Other predators observed feeding on 
the sentinel cutworm caterpillars included wolf spiders, staphylinid beetles, and a big-
eyed bug.  Most predators were recruited to the victims within the first 40 minutes of 
caterpillar exposure regardless of time of day. 
 Egg predation, too, was high in all trials except in May 2012 when there was 4.2 
cm of rain during the 24 h that the sentinel eggs were exposed in the field. Egg predation 
did not differ between mowing heights on any assay date (P ≥ 0.23) (Fig. 2.6).  No adult 
C. bakeri or other egg-larval parasitoids emerged from cutworms that eclosed from the 
sentinel eggs.     
Performance of Grass-Feeding Caterpillars 
 Black cutworms gained significantly more weight during their 5 days of feeding 
in the low-mowed compared to the high-mowed turf (P = 0.016).  There was also a trend 
(P = 0.075) for higher survival in the low-mowed turfgrass (Fig. 2.7).  Fall armyworms  
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Figure 2.6.  Rates of predation and parasitism in low- and high-mowed turf on four 
sampling dates.  Data are means (± SE) per plot.  There was no observed mowing height 
effect on either predation or parasitism (two-way ANOVA, P ≥ 0.05) 
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Figure 2.7.  Recovery rate and weight gain of black cutworm and fall armyworm 
caterpillars reared in low- and high-mowed turf in July 2012.  Data are means (± SE) per 
plot.  ANOVA results are shown above the bars (two-way ANOVA). 
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showed similar responses, with higher survival rates (P = 0.04) and a trend (P = 0.088) 
for greater weight gain in low-mowed compared to  high-mowed grass (Fig. 2.7). Only 
three of the recovered caterpillars were still third instars (two fall armyworms, one black 
cutworm); the rest were mostly fourth, with some fifth instars. Mean instar attained by 
the caterpillars did not differ between mowing heights (black cutworms, 4.2  0.2 versus 
4.0  0.3, P = 0.42; fall armyworms, 4.2  0.3 versus 4.3  0.2, P = 0.21, for low- or 
high-mowed turf, respectively). No parasitoids emerged from the caterpillars of either 
species that were reared in the lab after being recovered from the field. 
 Foliar nitrogen content was slightly higher in the high-mowed tall fescue than in 
the low-mowed turf (3.98  0.15 versus 3.57  0.16%, respectively, F1,5  = 5.97, P = 
0.058).  Soil temperatures tended to be slightly higher in the low-mowed than in the high-
mowed turf (13.7  0.2 versus 13.1  0.2 ºC, respectively, repeated measures ANOVA, 
F2,20  = 5.73, P = 0.04), whereas the high-mowed turf retained higher amounts of soil 
moisture compared to low-mowed turf (49.1  1.0 versus 44.8  1.6%, respectively, 
repeated measures ANOVA, F2,20  = 2.35, P = 0.02). 
Density, Growth, and Parasitism of Scarab Grubs  
 Density of naturally-occurring grub populations was low and did not differ 
between mowing regimes in either year (Fig. 2.8). Most (63.5%) of the 197 total grubs 
collected over the two sample years were Cyclocephala spp., 31.0% were Japanese beetle 
grubs, P. japonica Newman, and the  rest were mainly Phyllophaga spp. with a few 
Cotinis nitida L.  Grubs that had been pre-weighed and confined in enclosures to feed for 
two weeks had similar survival (17.6  0.7 versus 16.3  0.8 out of 20; F1,5 = 1.41,  P = 
0.25) and gained similar weight (16.0  7.9 versus 7.5  8.3 mg, F1,5 = 0.68,  P = 0.25) in 
low and high-mowed plots, respectively. All of the grubs were third instars.  Only one 
grub had been parasitized by T. pygidialis.     
Discussion 
 Habitat management for enhanced activity of natural enemies of insect pests and 
conservation biological control is a cornerstone of sustainable agriculture (Wratten and 
van Emden 1995, Landis et al. 2000), but it has so far received limited study in lawn 
settings (Held and Potter 2012, Grewal 2012). Increasing plant diversity and structural  
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Figure 2.8.  Abundance of scarab grubs in soil samples (0.56 m
2
) taken from low- and 
high-mowed turf in 2011 and 2012.  MC = masked chafer (Cyclocephala spp.), JB = 
Japanese beetle (Popillia japonica), Other =  Phyllophaga spp. and Cotinis nitida.  Data 
are means (± SE) per plot.  There were no significant differences in white grub 
populations based on mowing height (two-way ANOVA, P ≥ 0.05) 
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complexity in agricultural landscapes often leads to increased abundance and diversity of 
invertebrate natural enemies and greater biological control services (e.g., Fiedler et al. 
2008, Gardiner et al. 2009, Woltz et al. 2012, Tscharntke et al. 2012). Given the strong 
normative pressures in the United States to maintain lawns as low-cut swards of a single 
grass species (Blaine et al. 2012, Held and Potter 2012), the prospect of converting lawn 
monocultures into mixed-plant meadows is unlikely to be acceptable to most suburban 
residents anytime soon.  Establishing mixed-plant conservation strips adjacent to lawns or 
golf course fairways is another way to provide natural enemies with food resources, 
overwintering sites, and refuges from disturbance (e.g., Braman et al. 2002, Rogers and 
Potter 2004b, Frank and Shrewsbury 2004, Portman et al. 2010).  However, the few 
studies that have evaluated that strategy in turf settings suggest that biological control 
benefits, if they occur, are unlikely to extend very far from the refuge (Braman et al. 
2002, Frank and Shrewsbury 2004, Rogers and Potter 2004b).  Whether or not such areas 
serve as sources or sinks for ground-dwelling predators will depend on the extent to 
which natural enemies disperse from such patches and the specific spatial context of a 
given lawn site.   
 Raising mowing height is another way to potentially increase the architectural 
complexity of turfgrass and possibly provide more favorable habitat for ground-dwelling 
natural enemies. Studies in pastures indicate that, compared with plant species 
composition, mowing often has greater impacts on invertebrate communities; diversity of 
both herbivores and natural enemies generally declines with lower cutting heights and 
greater mowing frequency (Tscharntke and Greiler 1995, Hudewenz et al. 2012).  
Although we did observe somewhat higher numbers of spiders and staphylinids in high-
mowed grass, those differences did not translate into greater biological control.  Ants 
were by far the most abundant predators we observed feeding on sentinel caterpillars.  
Ants are ubiquitous in turfgrass habitats where they are voracious predators on pest eggs 
and larvae (López and Potter 2000, Zenger and Gibb 2001).  The fact that we saw no 
differences in ant abundance, species composition, or diversity between high- and low-
mowed turf probably accounts for the uniformly high predation and absence of detectable 
differences in biological control between high- and low-mowed turf plots.   
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 Parasitism was nearly absent in our trials. Although turfgrass pests may be 
parasitized by various wasps and flies (Bixby-Brosi and Potter 2012b), their occurrence 
often is sporadic (e.g., Rogers and Potter 2004a, Redmond et al. 2012).  
 Increasing mowing height may also impact insect communities by changing the 
physical environment or nutritional quality of the grass, making it a less suitable habitat. 
Nitrogen is the primary limiting nutrient for grass-feeding invertebrates (Bernays and 
Barbehenn 1987, Davidson and Potter 1995), and insects such as the caterpillars used in 
our study may also be impacted by secondary chemicals produced by endophytic fungi 
(Schardl et al. 2004).  Our turf-type tall fescue was endophyte-free, however, and the 
high-mowed grass had slightly higher nitrogen content than low-mowed grass, so those 
factors do not explain the caterpillars’ faster growth in the low-mowed turf.  Increasing 
mowing height changes the abiotic conditions of the turf canopy by decreasing light 
penetration and thus decreasing surface and soil temperatures (Hull et al. 1994).  The 
elevated temperatures in our low-mowed grass likely resulted in the somewhat faster 
growth of the caterpillars reared in that habitat, which might in turn facilitate their escape 
from predation during their vulnerable early instars (López and Potter 2000).   
 Enhancing the sustainability of lawns is important for an increasingly urbanized 
society (Leslie and Knoop 1989, Blanco-Montero et al. 1995, Milesi et al. 2005, Selhorst 
and Lal 2013).   Raising mowing height promotes a deeper, more robust root system that 
provides numerous agronomic benefits while reducing requirements for irrigation, fuel 
consumption, and yard waste disposal (Hull et al. 1994, Vincelli et al. 2005, Turgeon 
2011).  This study suggests it is compatible with conservation biological control, and may 
even modify canopy temperatures enough to reduce performance of foliage-feeding 
insect pests.  
 
Note:  This chapter with some modifications was submitted to the journal Environmental 
Management on July 25 2013. 
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Chapter Three: Naturalized Roughs as a Source of Natural Enemies and 
Biological Control on Golf Courses 
Introduction 
Increasing the acreage of natural habitats in out-of-play areas on golf courses can 
create opportunities to increase course sustainability while also enhancing the golf 
experience (Terman 1997, Gange et al. 2003,Tanner and Gange 2005, Lyman et al. 2007, 
Gross and Eckenrode 2012).  The Audubon Cooperative Sanctuary Program, USGA’s 
Wildlife Links program, and the Golf and the Environment Initiative highlight how golf 
courses can provide habitat for desirable urban wildlife (Snow and Erusha 2006). 
Naturalized areas can also reduce the need for irrigation, mowing, and chemical inputs, 
allowing maintenance required for quality of play to be redirected over a smaller and 
more sustainable area (Brame 2012, Gross and Eckenrode 2012).  Nearly half of all U.S. 
golf courses have increased their non-turfgrass areas by 10 acres or more over the last 10 
years (Lyman et al. 2007).  Although some golfers may initially object to expanding 
naturalized roughs into areas that used to be mowed turf, those concerns can usually be 
assuaged by working with a golf course architect to direct such changes to out-of-play 
areas. Most golfers are receptive once they are made aware of such areas’ environmental 
benefits (Terman 1997, Gange et al. 2003). 
 This chapter focuses on additional underappreciated services that naturalized 
areas can provide as refuges for natural enemies that provide biological control services.  
One of the foundations of sustainable agriculture is that diversified farms tend to be more 
ecologically resilient.  Some farmers incorporate strips of taller grasses or flowering 
plants in and around crop fields to provide harborage and food resources (nectar, pollen, 
alternative prey) to predators and parasitoids for enhanced biological control (Faeth et al. 
2005, Landis et al. 2008).  Traditional golf courses that are dominated by mowed grass 
provide limited food or harborage for natural enemies or pollinators (Gange et al. 2003, 
Frank and Shrewsbury 2004, Operation Pollinator 2010).  Naturalized areas provide 
opportunities for re-introducing stabilizing biodiversity to golf courses.  
 Few studies have examined the effects of habitat complexity on natural enemy 
populations and biological control in turf (Held and Potter 2012).  Some types of natural 
enemies tend to be more abundant in roughs than in fairways and in high lawn grass or 
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recently-established wildflower plots compared to adjacent low-mowed turf (Rothwell 
and Smitley 1999, López and Potter 2000, Braman et al. 2002, Joseph and Braman 2009).  
Planting nectar-rich flowers frequented by parasitic wasps has resulted in increased 
parasitism of grubs in nearby turf (Rogers and Potter 2004b).  Additionally, installing 
small (ca. 3  8 m) “conservation strips” consisting of switch grass and flowering 
coreopsis and alyssum in roughs next to fairways resulted in increased short-term 
captures of certain predators in and near the strips, but benefits in terms of higher 
predation on pests were equivocal (Frank and Shrewsbury 2004).  No studies have been 
performed on the biological control services that larger, permanent naturalized areas of 
golf courses may provide.   
Materials and Methods 
Site Selection and Establishment 
Two golf courses were selected for the naturalized rough studies:  Idle Hour Golf 
Course, Lexington, KY and Kearney Hill Golf Links, Lexington, KY.  Idle Hour is an 
urban course that established its naturalized roughs in 2009.  Its naturalized roughs 
consist largely of tall grasses, particularly tall fescue.  Kearney Hill is a rural golf course 
that first established its naturalized roughs in 1999.  Its naturalized roughs are highly 
diverse and consist of grasses, shrubs, small trees, herbs, and many flowering plants. 
Five paired traditional rough-naturalized rough sites were selected at each golf 
course, for a total of ten experimental sites.  For each site, the naturalized rough was at 
least 5000 m
2
 as determined by Google Earth, with the experimental site itself occurring 
at a point in the naturalized rough that was at least 30 m wide.  The experimental sites for 
mowed roughs were placed immediately adjacent to the border of the experimental sites 
for naturalized roughs.  Additionally, there were at least 20 m of mowed rough between 
any nearby fairways or tees and the naturalized rough experimental site; it was in this 
space that any surveys or assays for mowed roughs occurred.  If any assays were 
performed on fairways, they occurred on the inside perimeter of the fairway collar at the 
closest point on the fairway to the established mowed rough-naturalized rough 
experimental sites. 
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Sites were selected in early June 2011.  Two weeks prior to the first sampling set 
in late June 2011, empty pitfall traps were placed in the sites, as explained below. 
One site was moved at Kearney Hill beginning in September 2011 because it 
became overwhelmed with blackberry briars, reducing the plant diversity of the site and 
making it difficult for surveying.   Another site was moved at Idle Hour in May 2012 
because the surrounding rough was converted to a turf nursery, making it unsuitable for 
sampling.  
Predatory Arthropod Populations in Roughs versus Naturalized Roughs 
 Three methods, pitfall trapping, vacuum sampling, and ant baiting, were used to 
assess and compare activity-density or relative abundance of predatory arthropods in the 
traditional and naturalized roughs.  Plots were sampled twice each growing season, in 
June and September 2011, and again in May and July 2012. 
 Vacuum sampling was performed with the same gas-powered  leaf blower and 
accompanying equipment as described in Chapter Two.   A vacuum sample was taken in 
both the mowed and naturalized roughs at each of the five sites at Idle Hour and Kearney 
Hill.  Each vacuum sample consisted of a 30 m transect run in a line 10 m into either the 
mowed rough or the naturalized rough.  The transect was walked over for about 60 
seconds while guiding the opening of the intake tube up and down  the surface of the 
available vegetation along the transect line.  Samples were removed from the paint 
strainers, run through Berlese-Tullgren funnels, and the remaining dry litter was frozen as 
described in Chapter Two.   Predominant taxa including Carabidae, Staphylinidae, 
Formicidae, predatory Hemiptera, and Coccinellidae were sorted to family or guild.  
Species richness and diversity analyses were not done for the vacuum samples because 
some of the smaller arthropods were not as well preserved as those in the pitfall trap 
samples, making species identification more difficult. 
 Pitfall traps were constructed as described in Chapter Two.  Pitfalls were arranged 
in both the mowed roughs and naturalized roughs at each of the five sites at Idle Hour 
and Kearney Hill.  Three rows of pitfalls separated by approximately 2 m (due to the 
variation in the landscape, exact 2 m distances were not always possible) were arranged 
in six rows at each site, one each at 10 m into the mowed rough, 3 m into the mowed 
rough, 1 m into the mowed rough, 1 m into the naturalized rough, 3 m into the naturalized 
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rough, and 10 m into the naturalized rough (Fig 3.1).  For sampling, each trap was filled 
with 3 cm of ethylene glycol to kill and preserve arthropods, left undisturbed for 3 days, 
and then the three pitfall samples at each distance were pooled and transferred to 70% 
ethanol.  The same predatory arthropod groups were evaluated as for the vacuum 
samples.  Staphylinids and ants were the two most abundant groups and were further 
evaluated for species richness, evenness, and diversity using the Simpson (1-D) Index 
(Magurran 2004).  Ants were evaluated in both 2011 and 2012, while Staphylinids were 
identified only in 2011.  Richness, evenness, and diversity were based on numbers of 
those identified species and other less abundant, non-identified but distinct morphotypes.   
The three most abundant staphylinid species were identified by Dr. E.R. Hoebeke 
(University of Georgia).  Ants were identified to genus or to morphotype using keys in 
Coovert (2005) and by comparison with specimens in a reference collection. 
 Ants typically are the dominant predators in turf systems (Cockfield and Potter 
1984, López and Potter 2003) so we further assessed their populations using two types of 
baits (Gotelli et al. 2011), as described in Chapter Two.  Baits were placed on individual 
plastic cards (7  7 cm). Three cards with each bait type were placed in rows either 3 m 
into the naturalized roughs or 3 m into the traditional roughs, individually covered with 
wire cages (0.64 cm mesh hardware cloth) to exclude vertebrates and large arthropods, 
and left out for 3 h.  They were then collected along with their accumulated ants, bagged, 
and refrigerated at 4° C until sorting, The ants were removed, stored in 70% ethanol, 
identified by keys (Coovert 2005), and evaluated for species richness, evenness, and 
diversity using the Simpson (1-D) index.  Specimens attracted to the protein and 
carbohydrate baits were combined to provide a composite sample of ants foraging within 
a given plot during each interval that the baits were in the field.    
Biological Control of Black Cutworm Caterpillars and Eggs 
 Predation and parasitism assays were performed to compare biological control in 
the naturalized roughs, traditional roughs, and on fairways.  For sentinel prey we used 
eggs and caterpillars of the black cutworm, a common foliage-feeding turfgrass pest 
(Williamson and Potter 1997), which were obtained from Benzon Research, as were the 
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Figure 3.1.  Layout of pitfall traps in naturalized roughs (left) and traditional roughs 
(right) at 1 m, 3 m, and 10 m into both rough types.  
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sentinel caterpillars in Chapter Two.  Predation assays were performed on four dates 
coinciding with the previously described arthropod sampling periods in June and 
September 2011 and May and July 2012. 
 Pieces of linen fabric upon which black cutworm moths had deposited eggs were 
shipped to us by overnight delivery.  Small pieces of the fabric (about 1 cm
2
) with 20 
black cutworm eggs (<2 d old) were cut out and attached to wooden garden stakes (30 cm 
long, 3 cm wide), as was described in Chapter Two.  Nine eggsticks were placed at each 
of the five sites at Idle Hour and Kearney Hill.  Two eggsticks were placed 3 m into the 
naturalized rough, two eggsticks were placed 1 m into the traditional rough, two 
eggsticks were placed 3 m into the traditional rough, and two eggsticks were placed 10 m 
into the traditional rough (Fig 3.2A).  They were pushed into the soil so that the eggs 
were level with the top of the grass blades, except for the eggsticks in the naturalized 
roughs, which were placed so that the eggs were approximately the same height as those 
in the mowed roughs, regardless of the surrounding vegetation.  One hatch control was 
included at each site, and the eggs on this stick were placed well above the top of the 
grass blades with a thick band of Tangle Trap applied immediately below the eggs both 
to prevent predation and to capture any larvae that might hatch.  The eggsticks were 
placed in the field at the same time as the sentinel caterpillars and retrieved after 24 h to 
determine how many eggs had been consumed.  
Third-instar cutworms were pinned through their terminal abdominal segments to 
tapered corks, as described in Chapter Two.  Forty black cutworms were placed in each 
of the five sites on Idle Hour and Kearney Hill.  We placed rows of ten cutworms on 
corks (spaced 1 m apart within the row) 3 m into the naturalized roughs, 3 m into the 
traditional roughs, 10 m into the traditional roughs, and on the collar of the nearest 
fairways (Fig 3.2B).  The corks were secured in the soil and covered with mesh cages as 
described in Chapter Two to prevent bird or mammalian predation, while allowing most 
arthropods access to the cutworms.  On each date, 200 larvae were exposed on each golf 
course between 9 - 10 AM, left for 24 h, and then evaluated to determine how many were 
intact, missing, or had been killed or partially consumed. 
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Figure 3.2  Sentinel prey sites in naturalized roughs, traditional roughs, and fairways.  A.  
Eggsticks were placed in 3 m into the naturalized roughs and 1 m, 3 m, and 10 m into the 
traditional roughs.  B.  Pinned larvae were placed 3 m into the naturalized roughs, 3 m 
and 10 m into the traditional roughs, and in the fairways. 
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 Black cutworm eggs are sporadically parasitized by the encyrtid wasp 
Copodosoma bakeri, a polyembryonic species that ovisposits in host eggs and emerges 
from late-instar larvae (Bixby-Brosi and Potter 2012b).  Parasitism was assessed near 
naturalized roughs and far from naturalized roughs using eggsticks, each with ten black 
cutworm eggs, prepared as described in Chapter Two.  Five eggsticks were placed near 
the naturalized roughs (three meters into the traditional rough), and five eggsticks were 
placed far from the naturalized roughs (either 50 m from the border of the naturalized 
rough or on the immediate far side of the nearest fairway, whichever was further) at each 
site at both golf courses.  The eggsticks were left in the plots for 24 h, and then brought 
back to the lab and reared in incubators on diet until the pupated, died, or parasitoids 
emerged, as in Chapter Two.  Parasitism assays took place on 30-31 August 2012. 
Statistical Analysis 
The experimental sites on each golf course were set up in a complete block pattern 
with five blocks containing six treatments for pitfall trapping (1 m, 3 m, and 10 m into 
the naturalized rough and traditional rough), two treatments for vacuum sampling and ant 
baiting (naturalized rough and traditional rough), four treatments for egg sticks 
(naturalized rough and 1m, 3 m, and 10 m into the traditional rough), and four treatments 
for pinned larvae (naturalized rough, 3 m and 10 m into the traditional rough, and 
fairway) each.  We used a Type I error rate of 0.05.  Pitfall trap data were analyzed by 
two-way ANOVA and by pre-planned contrasts (all naturalized rough vs all traditional 
rough) and polynomial contrasts (linear trends within naturalized rough and traditional 
rough).  Vacuum sampling data were analyzed by two-way ANOVA.  Ant bait data were 
analyzed by Wilcoxon Signed Rank 1-way test.  Eggstick data were analyzed by two-way 
ANOVA and by all pair-wise comparisons (LSD contrast, α = 0.05).  Pinned larvae data 
were analyzed by two-way ANOVA and by all pair-wise comparisons (LSD contrast, α = 
0.05).  Log- or square root-transformations were applied in cases where the data failed to 
meet ANOVA requirements for normality and homogeneity of variance.  Simpson (1-D) 
index values, evenness, and richness were evaluated via Wilcoxon Signed Rank 1-way 
test.   All analyses were performed with Statistix 9 (Analytical Software 2008).  Data are 
reported as original (non-transformed) means ± standard error (SE). 
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Results 
Predatory Arthropod Populations in Roughs versus Naturalized Roughs 
 Some predatory arthropod groups were more abundant in traditional roughs, while 
others were more abundant in naturalized roughs when sampled by vacuum (Fig. 3.3).  
Spiders were more abundant in vacuum samples from the naturalized roughs on all 
sampling dates at Idle Hour, and two out of four dates at Kearney Hill (Fig 3.3).  
Predatory Hemiptera (primarily consisting of nabids) only displayed significant 
differences in abundance based on rough type once on each golf course, but they were 
significantly more abundant in traditional roughs at Idle Hour and significantly more 
abundant in naturalized roughs at Kearney Hill (Fig 3.3).  Captures of staphylinids, 
coccinellid adults, and carabids did not differ between the rough types on any sampling 
date on either golf course (Fig 3.3, coccinellid and carabid data not shown).  The most 
abundant insects collected through vacuum sampling were ants, which were significantly 
more abundant in traditional roughs than in naturalized roughs on three out of four 
sampling dates at Idle Hour, and one out of four sampling dates at Kearney Hill (Fig 3.3). 
 The insects collected using pitfall traps revealed similar results.  Ants were once 
again the most abundant insects collected, and were significantly more abundant in 
traditional roughs than naturalized roughs on two out of four dates at Idle Hour, and two 
out of four dates at Kearney Hill (Fig. 3.4), though there was a trend in June 2011 at 
Kearney Hill towards greater ant abundance in traditional roughs than naturalized roughs 
(P = 0.09).  Staphylinids were also significantly more abundant in traditional roughs than 
naturalized roughs on three out of four dates at Idle Hour, though never at Kearney Hill 
(Fig 3.4).  Spiders were less consistent than when collected using vacuum sampling, with 
only one instance of significantly more abundant spiders collected in naturalized roughs 
than in traditional roughs between the two golf courses (Fig 3.4).  Predatory Hemiptera 
were significantly more abundant in traditional roughs than naturalized roughs at both 
golf courses in July 2012 (Fig 3.4).    There were no significant differences in carabids or 
coccinellid adults at either golf course on any sampling date (P ≥ 0.54 and P ≥ 0.13, data 
not shown).  There was no linear trend between pitfalls placed at 1 m, 3 m, and 10 m at 
either golf course on any sampling date in either year.  
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Figure 3.3.  Abundance of predatory arthropods in vacuum samples taken from traditional 
and naturalized roughs on four sampling dates at Idle Hour and Kearney Hill.  Data are 
means (± SE) per plot.  Asterisks are shown above bars for which within-date mowing 
height effect was significant for that predator group (two-way ANOVA, P ≤ 0.05) 
* 
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Figure 3.4.  Abundance of predatory arthropods in pitfall samples taken from traditional 
and naturalized roughs on four sampling dates.  Data are means (± SE) per plot.  
Asterisks are shown above bars for which within-date mowing height effect was 
significant for that predator group (two-way ANOVA, P ≤ 0.05) 
* 
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for any insect group in traditional roughs (P ≥ 0.18, d.f. = 8).  In naturalized roughs, 
however, there were occasional linear trends for some insect groups.  In June 2011, there 
was a linear trend among staphylinids towards higher abundance closer to the border and 
lower abundance further into the naturalized rough at both Idle Hour and Kearney Hill (P 
= 0.01 and 0.05, d.f. = 8).  In September 2011, there were linear trends among spiders 
and carabids towards higher abundance further into the naturalized rough and lower 
abundance closer to the border at both Idle Hour (P = 0.00 and 0.01, d.f. = 8) and 
Kearney Hill (P ≤ 0.001 and 0.01, d.f. = 8).  In 2012, there were no linear trends for any 
insect groups in naturalized roughs at either golf course (P ≥ 0.09, d.f. = 8).  
 The ant baits revealed few differences between ant populations found in 
traditional roughs and naturalized roughs.  On a single sampling date in July 2012, there 
were significantly more ants in traditional roughs than in naturalized roughs at Idle Hour 
(P  = 0.05) (Table 3.1).  There were no significant differences based on rough type in 
species richness, Simpson's diversity index (1-D) values, or evenness on any sampling 
date at either golf course (P ≥ 0.19, 0.12, and 0.09, respectively) (Table 3.1).  However, 
in September 2011, there was a trend towards higher ant abundance in traditional roughs 
at Kearney Hill (P = 0.06) (Table 3.1).  In May 2012, there were trends towards greater 
ant abundance and species richness in naturalized roughs compared to traditional roughs 
at Idle Hour (P = 0.06 and 0.06), and higher Simpson's diversity index values in 
naturalized roughs compared to traditional roughs at Kearney Hill (P = 0.06) (Table 3.1).  
In July 2012, there were trends towards greater species evenness and Simpson's diversity 
index values in traditional roughs compared to naturalized roughs at Idle Hour (P = 0.06 
and 0.06), and greater species richness and Simpson's diversity index values in 
naturalized roughs compared to traditional roughs at Kearney Hill (P = 0.06 and 0.06) 
(Table 3.1).  There were only two ant species that showed any differences in abundance 
based on rough type.  Myrmica sp. were significantly more abundant in naturalized 
roughs than traditional roughs at Idle Hour in June 2011 (TR = 0.2 ± 0.2, NR = 20.2 ± 
4.8, P = 0.02), and Aphaenogaster sp. were significantly more abundant in naturalized 
roughs than traditional roughs in July 2012 and Idle Hour (TR = 0 ± 0, NR = 2.2 ± 0.8, P 
= 0.05). 
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Table 3.1.  Ant abundance, species richness, biodiversity, and evenness at Idle Hour and Kearney Hill in 2011 and 2012, measured 
using pitfall traps and ant baits 
  Abundance  Richness  Simpson (1-D)  Evenness 
  TR  NR  TR  NR  TR  NR  TR  NR 
  Pitfall - Idle Hour 
June 2011  124 ± 20  151 ± 38  5.3 ± 0.3  5.5 ± 0.4  0.64 ± 0.01*  0.53 ± 0.04  0.73 ± 0.02*  0.63 ± 0.05 
Sept 2011  186 ± 14*  103 ± 15  5.3 ± 0.2  5.0 ± 0.3  0.63 ± 0.01  0.60 ± 0.04  0.70 ± 0.01  0.72 ± 0.03 
May 2012  133 ± 29*     64 ± 7  4.5 ± 0.3  4.4 ± 0.4  0.49 ± 0.05*  0.32 ± 0.07  0.64 ± 0.05*  0.43 ± 0.08 
July 2012  166 ± 11  143 ± 34  5.5 ± 0.3  5.4 ± 0.4  0.5 ± 0.05  0.49 ± 0.05  0.63 ± 0.04  0.59 ± 0.05 
  Pitfall - Kearney Hill 
June 2011  82 ± 17   54 ± 8  4.9 ± 0.4  5.1 ± 0.5  0.0.54 ± 0.05  0.0.52 ± 0.05  0.0.67 ± 0.05  0.0.66 ± 0.05 
Sept 2011  69 ± 16  42 ± 6  5.3 ± 0.6  6.2 ± 0.5  0.0.64 ± 0.03  0.0.66 ± 0.05  0.0.75 ± 0.03  0.0.77 ± 0.04 
May 2012  41 ± 10*  19 ± 2  3.8 ± 0.3  4.1 ± 0.3  0.0.52 ± 0.04  0.0.61 ± 0.03  0.0.72 ± 0.05  0.0.88 ± 0.02  
July 2012  88 ± 13*  51 ± 10  4.7 ± 0.3  4.7 ± 0.4  0.0.58 ± 0.03  0.0.55 ± 0.05  0.0.71 ± 0.04  0.0.71 ± 0.05 
  Ant Bait - Idle Hour 
June 2011  199 ± 107  104 ± 14  2.6 ± 0.3  3.0 ± 0.3  0.24 ± 0.09  0.47 ± 0.07  0.45 ± 0.13  0.73 ± 0.08 
Sept 2011  495 ± 170  383 ± 124  3.0 ± 0.7  3.6 ± 0.2  0.15 ± 0.09  0.34 ± 0.11  0.24 ± 0.12  0.49 ± 0.13 
May 2012  8 ± 8    29 ± 16†  0.2 ± 0.2  1.4 ± 0.4†        0 ± 0  0.15 ± 0.10       0 ± 0        0 ± 0 
July 2012  270 ± 98*  152 ± 47  2.6 ± 0.4  3.0 ± 0.3  0.42 ± 0.06†  0.20 ± 0.08  0.78 ± 0.10†  0.36 ± 0.10 
  Ant Bait - Kearney Hill 
June 2011  185 ± 89    55 ± 27  1.6 ± 0.5  2.8 ± 0.2  0.17 ± 0.12  0.48 ± 0.04  0.40 ± 0.18  0.78 ± 0.06 
Sept 2011  422 ± 166†  119 ± 31  3.0 ± 0.3  3.0 ± 0.4  0.34 ± 0.09  0.24 ± 0.09  0.49 ± 0.08  0.38 ± 0.08 
May 2012  416 ± 311  231 ± 96  1.6 ± 0.3  2.4 ± 0.5  0.11 ± 0.06  0.28 ± 0.11†  0.45 ± 0.18  0.65 ± 0.19 
July 2012  62 ± 27  193 ± 80  2.0 ± 0.5  3.0 ± 0.7†  0.19 ± 0.11  0.23 ± 0.12†  0.49 ± 0.17  0.37 ± 0.14 
TR = traditional rough.  NR = naturalized rough.  * indicates significant difference between traditional rough and naturalized rough 
when α = 0.05.  † indicates significant difference between traditional rough and naturalized rough when α = 0.06.  Pitfall data analyzed  
Continued on next page 
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Table 3.1 (continued) 
with complete block 2-way ANOVA with pre-planned contrasts of naturalized rough (1 m, 3 m, and 10 m) (Continued on next page) 
vs. traditional rough (1 m, 3 m, and 10 m) using a student t-test p-value.  Error:  Site*Pitfall.  DF = 20.  Ant bait data analyzed with 
Wilcoxon signed rank test using a one-tailed p-value (maximum difference allowed between ties of 0.00001). 
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 While ants sampled using pitfall traps did demonstrate some significant 
differences in abundance favoring traditional roughs over naturalized roughs (see 
previous paragraph discussing pitfalls), there were few significant differences in species 
richness, Simpson's diversity index (1-D) values, or evenness at Idle Hour, and none at 
Kearney Hill (P ≥ 0.20, 0.08, and 0.10, respectively).  In June 2011 and May 2012, ants 
sampled in traditional roughs had higher Simpson's index values than in naturalized 
roughs at Idle Hour (Table 3.1).  Also in May 2012, ants sampled from traditional roughs 
had greater evenness than ants sampled from naturalized roughs at Idle Hour (Table 3.1).  
No linear trend for Simpson's diversity index, species richness, or evenness (between 
pitfalls placed at 1 m, 3 m, and 10 m) became apparent at either golf course on any 
sampling date in either year in either traditional roughs or naturalized roughs (P ≥ 0.23, 
d.f. = 8).  The most abundant ant species, Aphaenogaster sp., Lasius sp., Pheidole sp., 
and Solenopsis sp., were often significantly more abundant in either traditional roughs or 
naturalized roughs (Table 3.2).  When there were significant differences, Aphaenogaster 
sp. was always significantly more abundant in naturalized roughs than traditional roughs 
on both golf courses (Table 3.2).  Except for the September 2011 sampling date at Idle 
Hour, Pheidole sp. was always significantly more abundant in traditional roughs than 
naturalized roughs at both golf courses (Table 3.2).  Solenopsis sp. was usually 
significantly more abundant in traditional roughs than naturalized roughs, though there 
were exceptions in June 2011 at Idle Hour and May 2012 at Kearney Hill (Table 3.2).  
Finally, Lasius sp. was the least consistent ant group:  they were consistently present in 
large numbers in both rough types at both golf courses and were sometimes significantly 
more abundant in traditional roughs (July 2012 at Idle Hour and May 2012 at Kearney 
Hill) and sometimes significantly more abundant in naturalized roughs (June 2011 and 
May 2012 at Idle Hour) (Table 3.2). 
 The staphylinids measured using pitfall traps displayed few differences in 
population abundance, evenness, richness, and Simpson's diversity index (1-D) values.  
There were no significant differences in any of these categories on either sampling date at 
Kearney Hill (P ≥ 0.26, 0.11, 0.20, and 0.22, respectively)  (Table 3.3).  In September 
2011 at Idle Hour, staphylinids were significantly more abundant and had great species 
richness and Simpson's diversity index values (1-D) in traditional roughs than in 
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Table 3.2.  Abundance of Aphaenogaster sp., Lasius sp., Pheidole sp., and Solenopsis sp. at Idle Hour and Kearney Hill in 2011 and 
2012, measured using pitfall traps. 
  Aphaenogaster sp.  Lasius sp.  Pheidole sp.  Solenopsis sp. 
  TR  NR  TR  NR  TR  NR  TR  NR 
  Idle Hour 
June 2011  3.2 ± 1.3  6.2 ± 1.7*  47.1 ± 7.1  101.6±31.7*  29.6 ± 3.6*    9.5 ± 3.0  46.4 ± 12.6  120.0± 5.7* 
Sept 2011  4.5 ± 3.2  3.1 ± 1.0  56.5 ± 5.4   43.8 ± 8.7  76.7 ± 10.3*  27.1 ± 5.7  38.3 ± 10.0*    7.1 ± 2.5 
May 2012  0.7 ± 0.4  5.6 ± 1.7*  40.6 ± 7.5  107.3±31.5*    0.3 ± 1.6    4.7 ± 1.5*  11.3 ± 2.6*    1.6 ± 0.7 
July 2012  1.6 ± 0.9  4.3 ±1.2*  82.3 ± 13.3*   49.5 ± 7.1  45.9 ± 6.0*  21.1 ± 10.0  20.8 ± 5.3*    9.9 ± 4.3 
  Kearney Hill 
June 2011  0.8 ± 0.5  3.8± 0.8*  49.3 ± 17.1  29.8 ± 7.4    8.6 ± 3.0*  1.1 ± 0.4  16.9 ± 4.7*    2.9 ± 1.9 
Sept 2011  0.2 ± 0.1  2.6 ± 1.1  25.9 ± 8.3  13.0 ± 3.0  16.7 ± 4.7*  3.5 ± 1.1  16.5 ± 5.0  10.9 ± 5.4 
May 2012  0.4 ± 0.2  3.9 ± 1.0*  28.7 ± 10.2*    9.0 ± 1.2    2.5 ± 0.8*  0.3 ± 0.2     1.3 ± 0.7    5.4 ± 1.3* 
July 2012  0.7 ± 0.7  1.5 ± 0.6  42.5 ± 8.3  25.5 ± 7.9  19.7 ± 5.2*  2.1 ± 0.8     9.7 ± 2.9*    3.1 ± 1.0 
TR = traditional rough.  NR = naturalized rough.  * indicates significant difference between traditional rough and naturalized rough 
when α = 0.05.  Pitfall data analyzed with complete block 2-way ANOVA with pre-planned contrasts of naturalized rough (1 m, 3 m, 
and 10 m) vs traditional rough (1 m, 3 m, and 10 m) using a student t-test p-value.  Error:  Site*Pitfall.  DF = 20.   
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Table 3.3.  Staphylinid abundance, richness, biodiversity, and evenness at Idle Hour and Kearney Hill in 2011, measured using pitfall 
traps. 
  Abundance  Richness  Simpson (1-D)  Evenness 
  TR  NR  TR  NR  TR  NR  TR  NR 
  Idle Hour 
June 2011      6.8 ± 1.1  4.5 ± 0.7  3.1 ± 0.3  3.0 ± 0.4  0.53 ± 0.05  0.59 ± 0.05  0.88 ± 0.03  0.96 ± 0.01 
Sept 2011   15.5 ± 2.1*  7.7 ± 2.3  4.3 ± 0.4*  2.9 ± 0.3  0.63 ± 0.03*  0.53 ± 0.03  0.85 ± 0.02  0.87 ± 0.03 
  Kearney Hill 
June 2011      4.7 ± 1.2  6.3 ± 1.4  2.8 ± 0.4  3.5 ± 0.5  0.50 ± 0.08  0.59 ± 0.07  0.92 ± 0.02  0.92 ± 0.02 
Sept 2011  10.7 ± 4.2  5.3 ± 1.1  2.9 ± 0.4  2.3 ± 0.4  0.41 ± 0.07  0.43 ± 0.07  0.78 ± 0.06  0.84 ± 0.04 
TR = traditional rough.  NR = naturalized rough.  * indicates significant difference between traditional rough and naturalized rough 
when α = 0.05.  † indicates significant difference between traditional rough and naturalized rough when α = 0.06.  Data analyzed with 
complete block 2-way ANOVA with pre-planned contrasts of naturalized rough (1 m, 3 m, and 10 m) vs traditional rough (1 m, 3 m, 
and 10 m) using a student t-test p-value.  Error:  Site*Pitfall.  DF = 20. 
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naturalized roughs (Table 3.3).  In both 2011 and 2012, there were no linear trends for 
any staphylinid abundance, species richness, Simpson's diversity index, or evenness in 
naturalized roughs at either golf course (P ≥ 0.13, d.f. = 8). 
Biological Control of Black Cutworm Caterpillars and Eggs 
 Levels of egg predation varied from month to month, but there were some 
significant differences in predation rates for eggs placed in naturalized roughs and 1 m, 3 
m, and 10 m into traditional roughs.  When differences did occur (in June 2011, at Idle 
Hour and Kearney Hill, and in May 2012 at Idle Hour), egg predation was significantly 
higher in naturalized roughs compared to all distances into the traditional rough (May 
2012) or significantly higher in naturalized roughs and 1 m into the traditional rough than 
at further distances into the traditional rough (Figure 3.5). 
 Larval predation rates were very high, often resulting in all larvae being 
consumed within 24 h regardless which rough type they were placed in (Fig 3.6).  Larvae 
were almost always more likely to survive on fairways than in either the traditional or 
naturalized roughs (Figure 4.6).  The only dates on which this did not occur, there was 
often ubiquitous predation (see July 2012 at Idle Hour and Kearney Hill) (Fig 3.6).  Other 
than the difference between larvae on fairways and all other larvae, there was only one 
instance in which there was a difference in predation rates for larvae in naturalized 
roughs and traditional roughs in September 2011 at Kearney Hill (P = 0.00) (Fig. 3.6).  
On this date, there was a gradient of predation, which was highest in the naturalized 
rough and lowest 10 m into the traditional rough (Fig 3.6).  
 No parasitism was recorded at either golf course. 
Discussion 
 The vacuum and pitfall insect surveys demonstrated that some insect groups—
ants and staphylinids—tended to be more abundant in traditional roughs than in 
naturalized roughs, while other insect groups—spiders and predatory Hemiptera—were 
more abundant in naturalized roughs than in traditional roughs, though in many cases 
these differences were mild and often inconsistent.  Ants and spiders were the most 
consistent in being more abundant in traditional roughs and naturalized roughs, 
respectively.  While we expected to find that the natural enemies supported by 
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Figure 3.5.  Rates of egg predation in naturalized roughs and 1 m, 3 m, and 10m into the 
traditional rough on four sampling dates at Idle Hour and Kearney Hill.  Data are means 
(± SE) per plot (two-way ANOVA, all pairwise-comparisons, P ≥ 0.05)
 
51 
 
Figure 3.6.  Rates of larval predation in naturalized roughs, 3 m and 10 m into traditional 
roughs, and on fairways on four sampling dates at Idle Hour and Kearney Hill.  Data are 
means (± SE) per plot (two-way ANOVA, all pairwise-comparisons, P ≥ 0.05)   
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naturalized roughs would radiate out into the traditional roughs, there were never any 
linear trends for any insect group between the 1 m, 3 m, and 10 m pitfall traps in the 
traditional roughs.  In fact, the only linear trends that did occur were exclusively found in 
the naturalized roughs.  Those trends revealed no surprises:  insect groups which were 
more abundant in traditional roughs (like staphylinids) displayed linear trends in which 
when in naturalized roughs, they became more abundant the closer they came to the 
border of the traditional roughs.  Insect groups which were more abundant in naturalized 
roughs (like spiders) displayed linear trends in which when in naturalized roughs, they 
became more abundant further into the naturalized roughs. 
 Of the two ant collection methods used, pitfall trapping elucidated more 
differences in ant abundance  and species composition.  I suspect that the nature of ant 
baiting ensures that there will usually be only a single species sampled by each bait 
because of rapid recruitment and defensive behaviors on the ants' part, while pitfall 
trapping is a more passive and perhaps more accurate (though more time consuming) way 
to sample ant populations.  The ants collected using pitfall traps revealed that different 
ant species can be found in naturalized roughs and traditional roughs.  The large 
Aphaenogaster sp. are more commonly found in naturalized roughs, while small and very 
gregarious ants like Pheidole sp. and Solenopsis sp. were more likely to be found in 
traditional roughs.  The common turfgrass ant, L. neoniger, was found in both naturalized 
roughs and traditional roughs, marking it once again as an important predator in turf 
systems (López and Potter 2000, 2003). 
 Parasitism was completely absent in our trials, just as it was in the lawn turf trials 
documented in Chapter 2.  Although turfgrass pests may be parasitized by various wasps 
and flies (Bixby-Brosi and Potter 2012b), their occurrence often is sporadic (e.g., Rogers 
and Potter 2004a, Redmond et al. 2012). 
 Egg predation—when there were any differences in predation rates at all—was 
higher in naturalized roughs than at any location in the traditional roughs, as expected.  
Contrary to our original hypothesis, however, we did not find that there was almost no 
radiation of biological control out of the naturalized rough into the traditional rough.  
When this did occur, only the eggs placed 1 m into the traditional rough benefited from 
increased predation rates compared to eggs placed 3 m and 10 m into the traditional 
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rough.  This can perhaps be attributed to the absence of radiation of natural enemies into 
the traditional rough, as found through our pitfall trap surveys. 
 Larval predation was ubiquitous in both the naturalized roughs and the traditional 
roughs, which received very high levels of predation regardless of position in the 
traditional rough (3 m or 10 m).  Larvae placed on fairways, on the other hand, had 
significantly higher rates of survival than larvae placed in either the naturalized roughs or 
traditional roughs, which were statistically indistinguishable from each other.  Based on 
additional research performed in this Master's thesis (see Chapter 2), it is possible that the 
high levels of ants found in the traditional roughs are responsible for the extreme 
predation rates there, while the larvae placed in naturalized roughs could be consumed by 
any of several insect groups, including spiders and predatory Hemiptera, which were 
abundant in the taller vegetation.  
 As golf courses come under pressure to reduce their inputs and become a truly 
"green industry," many superintendents have embraced the establishment of naturalized 
roughs to reduce their chemical, mowing, and water inputs while also providing a 
wildlife refuge on their own courses.  Previous studies have suggested that including 
flowering areas, green banks, or native plantings like naturalized roughs might also 
increase biological control in nearby turfgrass, further reducing the need to spray to 
control pest insects (Braman et al. 2002, Frank and Shrewsbury 2004 ).  It has been 
suggested that golf courses be designed within the framework of island biogeography 
with naturalized areas serving as reservoirs of natural enemies that provide biological 
control to the managed portions of the course (Gange et al. 2003).  
  In testing the hypotheses that form the core of these design principles, we found 
that there was little evidence for natural enemies venturing out onto the managed portions 
of the course from naturalized roughs.  Furthermore, we found little evidence to suggest 
naturalized roughs provide any increases in pest egg predation in traditional roughs.  
Larval predation was uniformly high in both naturalized roughs and traditional roughs, 
but this is unlikely to be caused by enemies venturing out of naturalized roughs as ants—
the dominant predator in turfgrass systems, and the most likely agent of predation—are 
more common in traditional roughs than naturalized roughs.  Although I did not find any 
evidence of parasitism of the sentinel black cutworm eggs or larvae, other studies (Rogers 
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and Potter 2004b, Portman et al. 2010), do suggest that having flowering plants bordering 
areas of turf could increase biological control from parasitoids.  In my study, the low 
parasitism rates both in naturalized roughs and traditional roughs may have prevented 
detection of such a phenomenon as a benefit of naturalized roughs, if it does occur at all.  
Therefore, while naturalized roughs do provide many agronomic, environmental, and 
economic benefits to golf courses, our results do not support the hypothesis that they also 
provide biological control benefits, at least from predatory invertebrates.  In fact, it is 
possible that naturalized roughs, rather than serving as a source of natural enemies for the 
rest of the golf course, could actually be serving as a refuge and a sink for those 
predators.  
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Chapter Four: Operation Pollinator:  Bringing the Golf Course to Life 
Introduction 
Increasing the acreage of natural habitats in out-of-play areas on golf courses can 
create opportunities to increase course sustainability while enhancing the golf experience 
(Tanner and Gange 2005, Brame 2012, Gross and Eckenrode 2012). The Audubon 
Cooperative Sanctuary Program, USGA’s Wildlife Links program (Snow and Erusha 
2006), and the Golf and the Environment Initiative highlight how golf courses can 
provide habitat for desirable urban wildlife. Naturalized areas can also reduce the need 
for irrigation, mowing, and chemical inputs, thus creating a more sustainable area (Brame 
2012, Gross and Eckenrode 2012).  
Naturalized areas on golf courses may provide refuge and food resources for 
native bees and other pollinators threatened by habitat fragmentation. Conserving bumble 
bees and other native pollinators is vital because Colony Collapse Disorder has decimated 
honey bee populations (Carvell et al. 2006, Jepsen et al. 2011).  In North America there 
are more than 4,000 different native, mostly solitary, bee species that could provide 
pollination services if given the floral resources they need to thrive, but populations of 
native bees are declining because of habitat loss (Carvell et al. 2006). Native bees are 
commonly used to pollinate high-value crops such as blueberries, cranberries, squash and 
clover, where the economic value of their pollination services is estimated at $3 billion 
annually (Jepsen et al. 2011).  
Golf course naturalized areas or dedicated wildflower plantings can also serve as 
sanctuaries and stepping stones for native butterflies threatened by fragmentation and loss 
of their native habitat. Monarch butterflies, for example, migrate from Canada and the 
northern United States where larval food plants (milkweed) can be found, to Mexico 
where the adults are able to hibernate during the warmer winter. Monarchs are threatened 
both because their overwintering sites are being destroyed, and because the milkweed 
patches that are required by the larvae as food, and that serve as reproductive way-
stations for adults  along the migration path to Mexico are being fragmented and reduced 
in the United States (Monarch Butterfly 2013). 
The potential for golf courses to serve as sanctuaries for native bees and other 
pollinators is currently of  interest given the population declines of many native 
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pollinators due to habitat loss (Jepsen et al. 2011).  Nectar-producing perennials or 
biennials (such as milkweed) associated with infrequently disturbed semi-natural 
vegetation are an important resource for native pollinators, a role that naturalized roughs 
could easily fill (Carvell et al. 2006). 
To this purpose, Operation Pollinator for Golf Courses was established in the 
United Kingdom in 2010.  The initiative is sponsored by Syngenta and is attempting to 
reverse the decline of valuable native pollinators by planting native wildflower banks to 
create nectar- and pollen-rich habitats in out-of-play areas. Such plantings can also 
enhance visual appeal and interest and members’ pride in their club’s environmental 
stance. Operation Pollinator has already been implemented on several European golf 
courses, but only as a demonstration; i.e., there are no published data concerning 
effectiveness of plant establishment, overall recruitment of pollinators, or preference of 
particular taxa of pollinators for particular plant species.  The pilot project described in 
the chapter is the first branch of Operation Pollinator brought to the United States 
(Operation Pollinator 2010). 
Materials and Methods 
 In initiating the first Operation Pollinator for Golf Courses project in North 
America, my goals were to 1) evaluate native wildflower seed mixes for cost, ease of 
establishment, bloom sequence, coverage, and attractiveness to bees, butterflies, and 
other native pollinators; and 2) to develop recommendations for wildflower seed mixes 
and guidelines for establishing Operation Pollinator for Golf Course plantings in the 
transitional climatic zone.  
Site Establishment 
Operation Pollinator plots were established using guidelines developed by 
Syngenta and the Sports Turf Research Institute (STRI) (Operation Pollinator).  Plots 
were established in out-of-play areas of even grade and abundant sunlight at six sites in 
the greater Lexington, KY area (Figure 4.1), including five golf courses (Lexington 
Country Club, the Marriott Griffin Gate, Kearney Hill Golf Links, the University Club, 
and Lakeside Golf Course) and the University of Kentucky's AJ Powell Jr. Turfgrass 
Research Facility (UKTRC).  Each site consisted of four 4 m × 10 m plots with a 1 m 
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Figure 4.1.  Establishment of Operation Pollinator sites.  A.  Selection of a sun-exposed 
site of even grade.  B. Scalping of the site.  C.  Application of herbicide.  D.  Vertical 
mowing and raking of debris.  E.  Seeding.  F.  Dragging. 
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border between plots.  Four seed treatments were randomly assigned to the four plots:  
Complex Bee, Simple Bee, Butterfly, and a control. 
 Three wildflower mixes were compiled with help from Diane Wilson, Ecologist, 
of the Applewood Seed Co. (Arvada, Colo.) and Sharon Bale, wildflower specialist  and 
faculty member in  the University of Kentucky's Department of Horticulture. They 
included a 1) Simple Bee Mix consisting of  eight wildflower species chosen for their 
attractiveness to  bees, a 2) Complex Bee Mix which included 17 wildflower species, and 
a 3) Butterfly Mix containing  16 wildflower species that provide nectar resources that 
are particularly attractive to butterflies (Table 4.1). Use of those plants was also based on 
information on regional seed mixes from pollinator conservation websites including that 
the Xerces Society for Pollinator Conservation and Applewood Seed Company.  There is 
considerable overlap in the species included in the mixes, and most species were not 
expected to bloom until the second (2013) growing season. All wildflower species 
included in the mixes are native to the transitional zone, and all are perennial species with 
the exception of three self-seeding annuals. Our wildflower mixes were designed to 
require low maintenance after initial establishment, to attract native pollinators (small 
solitary bees, social bumble bees, syrphid flies, butterflies, and moths), maintain a floral 
display from May to September, and be acceptable for use on Audubon Cooperative 
Sanctuary Program golf courses.  
Operation Pollinator sites were first mowed down to 2-4 cm height (scalped) to 
weaken the already present vegetation (Figure 4.1B).  Plots were prepared for seeding 
within two days of the initial mowing by applying herbicide fluazifop (Fusilade II, 
Syngenta) (1.0 L/ha) to suppress grassy weeds on 26 August 2011 and then applying 
trinexapac-ethyl (Primo Maxx, Syngenta) (3.0 L/ha) to suppress grass growth on 2 
September  2011 (Figure 4.1C) (Syngenta Crop Protection UK Ltd).  A vertical mow was 
performed to scarify the plot on 12 September  2011, all debris was raked out of the sites 
(Figure 4.1D), and the plots were seeded on the same day.  The seeding rates were 54 
g/plot, 49.4 g/plot, and 40.4 g/plot for the Complex Bee Mix, Simple Bee Mix, and 
Butterfly Mix plots, respectively.  Each plot was divided into four quadrats and then 
seeded by quadrat (Figure 4.1E).  Wildflower seeds were mixed with vermiculite as a  
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Table 4.1. Native seed mixes to be tested in Phase I Operation Pollinator for Golf 
Courses in the transitional climatic zone. 
Species  Common name % of Mix* 
Simple bee mix 
Aquilegia canadensis L. Eastern Columbine 6.81 
Coreopsis lanceolata L. Lance-Leaved Coreopsis 27.25 
Echinacea purpurea Moench Purple Coneflower 27.25 
Monarda fistulosa L. Bergamot 1.77 
Rudbeckia subtomentosa L. Sweet Black-Eyed Susan 4.50 
Symphyotrichum novae-angliae 
Nesom 
New England Aster 1.77 
Ratibida columnifera (Nutt.) Prairie Coneflower 3.41 
Tradescantia ohiensis Raf. Ohio Spiderwort 27.25 
Diverse bee mix 
Agastache foeniculum Kuntze Lavender Hyssop 0.77 
Aquilegia canadensis L. Eastern Columbine 2.97 
Asclepias tuberosa L. Butterfly Milkweed 5.94 
Coreopsis lanceolata L. Lance-Leaved Coreopsis 11.87 
C. tinctoria Nutt. Plains Coreopsis (annual) 0.74 
Echinacea purpurea Moench Purple Coneflower 11.87 
E. tennesseensis Small Tennessee Purple Coneflower 11.87 
Eryngium yuccifolium Michx. Rattlesnake Master 5.94 
Gaillardia pulchella Foug. Annual Gaillardia (annual) 11.87 
Helianthus annuus L. Wild Sunflower (annual) 11.87 
Monarda fistulosa L. Bergamot 0.77 
Penstemon digitalis Nutt. Smooth Penstemon 1.48 
Ratibida columnifera, (Nutt.) Prairie Coneflower 1.48 
Rudbeckia subtomentosa L. Sweet Black-Eyed Susan 1.96 
Symphyotrichum novae-angliae 
Nesom 
New England Aster 0.77 
Tradescantia ohiensis  Raf. Ohio Spiderwort 11.87 
Continued on next page 
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Table 4.1 (continued) 
Butterfly mix 
Agastache foeniculum Kuntze Lavender Hyssop 0.97 
Allium cernuum Roth Nodding Pink Onion 3.72 
Asclepias tuberosa L. Butterfly Milkweed 7.45 
Cassia hebecarpa Fernald Wild Senna 3.72 
Coreopsis lanceolata L. Lance-Leaved Coreopsis 14.89 
Dalea purpurea Vent. Purple Prairie Clover 7.45 
Desmanthus illinoensis (Michx.) Illinois Bundleflower 7.45 
Echinacea purpurea Moench Purple Coneflower 14.89 
Eryngium yuccifolium Michx. Rattlesnake Master 7.45 
Liatris spicata Willd. Gayfeather 14.89 
Rudbeckia hirta L. Black-Eyed Susan 1.86 
Solidago rigida L. Rigid Goldenrod 1.86 
Verbena bonariensis L. Purpletop Verbena 1.86 
V. stricta Vent. Hoary Vervain 3.72 
Veronicastrum virginicum (L.) Culver’s Root 0.37 
Zizia aurea (L.) Golden Alexander 7.45 
*By weight 
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cutting agent; approximately 1L of vermiculite was applied per quadrat.  Seeds were hand 
sown in alternating directions, and then a drag was slowly pulled over the entire site to 
ensure good seed-soil contact (Figure 4.1F).  Light rainfall totaling 1.2 cm occurred over 
the next three days, so no irrigation was applied to the seeds.  No further irrigation or 
fertilizer was applied, and  borders between plots were maintained with herbicide  
(Roundup, glyphosate, Monsanto, Creve Couer, MO)  as needed during the 2012  
growing season.  All plots were mowed in November 2012 after all blooms had ceased.  
No herbicide  was applied in the 2013 growing season because some of the rarer 
wildflower species from the previous year's growth had strongly colonized the borders. 
In May 2013, the Lakeside Golf Course Operation Pollinator site was mistakenly 
mowed down by a maintenance worker as wildflowers were first emerging and was  
significantly damaged.  This plot was not included in the 2013 evaluation until its 
recovery in late July 2013 when it was once again included in wildflower and pollinator 
evaluations. 
Wildflower Evaluation 
 The wildflower mixes were evaluated for bloom sequence and coverage in three 
ways during  the 2012 and 2013 growing seasons.  First, they underwent weekly visual 
inspections to determine when each species of wildflower began and terminated 
blooming; second, monthly photographic analysis was performed to determine the 
percentage of floral cover within each plot; and third, weekly bloom sampling and 
coverage surveys were performed to evaluate floral cover of individual wildflower 
species within each plot. 
 Visual inspections were performed on a weekly basis both years, beginning before 
blooms began in early April and ending when all wildflowers had ceased blooming for 
the season.  The end of each blooming season was in early October.  Visual inspections at 
each site took place between 9 AM and 1 PM.  Each observation period lasted between 
20 and 40 minutes, and consisted of walking slowly around and between the three 
wildflower mixes at each site and noting which wildflower species were blooming and 
when they ceased blooming (Figure 4.2A).  Wildflowers were identified using two guides 
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(Barnes and Frances 2004 and Mader et al. 2011) and a personally constructed 
"lookbook."  
 
Figure 4.2.  Evaluation of the wildflower species in Operation Pollinator sites.  A.  Visual 
surveys.  B.  Photographic analysis.  C.  Bloom coverage counts in the field.  D.  
Wildflower scans to establish surface area (the black square is a square centimeter). 
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 Two techniques were used  to quantitatively evaluate the three wildflower mixes 
for bloom coverage.  In 2012, monthly photographic analysis was performed (Figure 
4.2B).  This took place 14-16 June, 15-17 August, and 14-16 September.  Severe drought 
during July 2012 resulted in almost no blooms  during that  month.  Six elevated photos 
of each wildflower mix at each site were taken from the top of a 12 ft ladder.  Three 
overlapping photos were taken sequentially on either side of each wildflower plot.  These 
photographs were merged into one image of each site, then analyzed using the free image 
manipulator software "Gimp."  The "Select by Color" and "Histogram" tools were used to 
determine the number of pixels represented by each wildflower species.  This number 
was compared to the total number of pixels in each composite photograph to determine 
percent floral cover for each plot.  Unfortunately, this method proved variable in 
accuracy and was extremely time consuming.  I  have chosen not to include the data 
gathered from this method in this thesis, as I do not believe its results to be meaningful. 
 For this reason, a new method was devised for the 2013 growing season, which 
has since proven more efficient and accurate.  PVC pipe was used to construct one square 
meter squares, which were then randomly placed in each of the four quadrats of each 
wildflower mix.  The number of blooming flower heads of each species within each 
square was counted and recorded (Figure 4.2C).  This was performed weekly beginning 
on 3 June until near the end of the blooming period in October.  During the peak period 
of bloom for each wildflower species, four representative flower heads were collected 
and brought back to the lab.  If there were so few individual plants blooming that 
removing four flower heads would have impacted that species (as was the case with 
purpletop verbena, Ohio spiderwort, Eastern columbine, etc.), we did not collect any 
flower heads.  These flower heads were scanned with a scanner (EPSON Perfection V300 
Photo), their images were outlined in white using the "Eraser" tool in Microsoft Paint, 
and the flower heads were then individually selected using the "Magic wand" tool in 
PAINT.NET to determine the number of pixels in each flower head.  A one square 
centimeter square was printed and included as a background image with the scanned 
flowerheads.  This square underwent the same procedure outlined above to determine the 
number of pixels in a square centimeter, and using this conversion, I was  able to 
determine the surface area of each flower head.  I took the average surface area of the 
 
64 
 
four selected flower heads, multiplied that by the average number of the appropriate 
wildflower species recorded per square meter, thus determining the average surface area 
of each wildflower species per square meter of each plot.  This number was extrapolated 
out to the total surface area of each wildflower species per each 40 square meter plot. 
Pollinator Evaluation 
 Attractiveness of the wildflowers to native pollinators was evaluated in two ways.  
To evaluate the relative attractiveness of the three wildflower mixes and the control plot, 
I  used bee bowls, and to evaluate the specific pollinator species utilizing each wildflower 
species, my field assistants and I  performed hand collections.    
Elevated bee bowls were modeled after those described in Tuell and Isaacs 
(2009).  They consisted of  rebar rods (1.27 cm diameter × 45.72 cm long), PVC pipes 
(1.91 cm diameter × 0.5 m, 1 m, or 1.5 m long), PVC bushings (1.91 cm diameter), and 
yellow plastic bowls (in 2012: Solo No. PSB2 Plastic Bowls, 12 oz., diameter 15.2 cm, 
Solo Cup Company, Urbana, IL; in 2013: Festive Occasion Plastic Bowls, 12 oz, 
diameter 17.8 cm, Festive Occasion, East Providence, RI)  (Figure 4.3A). The rebar rods 
were driven 15 to 20 cm into the ground, and served to stabilize the elevated bee bowls.  
The PVC pipes were placed over the rebar rods so that they were perpendicular to the 
ground.  The bowls were attached to the PVC bushings using  high-strength glue (Gorilla 
Glue, Cincinnati, OH) , and were elevated by affixing the bushings over the tops of the 
PVC pipes.  The pipes were cut at three different heights (0.5 m, 1 m, or 1.5 m) so that 
the bowls could be placed closest to the dominant species' blooms without being higher 
than the floral canopy.   
Two elevated bee bowls were placed within each treatment plot at all six sites, for 
a total of eight  bowls per site and 48 bowls total.  Bowls were placed 1 m from either 
side of the plots along the bisecting 5 m line and partially filled with soapy water (lemon-
scented dishwashing detergent; Joy, Proctor & Gamble, Cincinnati, OH).  They were 
placed in the field between 9 am and 12 pm and then recollected the next day between 12 
pm and 4 pm, for a minimum 24 h exposure and maximum 31 h exposure.  Because of 
travel time between sites, bee bowl collections did not occur on the same days for all 
sites.  All bee bowl collections took place on sunny days with little or no chance of 
precipitation.  At the end of their exposure, the two bowls within each plot were pooled,  
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Figure 4.3.  Evaluation of the pollinator species in Operation Pollinator sites.  A.  Passive 
monthly sampling of wildflower mixes using elevated bee bowls.  B.  Shampooing and 
coifing of pollinators to remove pollen and ease identification and preservation of the 
specimens.  C.  Hand sampling of pollinators visiting individual wildflower species 
(black-eyed Susan pictured). 
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yielding four samples at each site, and 24 samples per sampling period.  Bee bowl 
contents were brought back to the lab and transferred to 70% alcohol on the same day as 
their collection.   
Pollinators were later pinned and identified first to family level, and will 
potentially be identified to genus or species if possible.  Bumble bees and very hairy 
solitary bees, such as some Andrenidae and Megachilidae, were "shampooed" and 
"coifed" following the guidelines in "The Very Handy Manual:  How to Catch and 
Identify Bees and Manage a Collection" (Droege 2012) so that they could be successfully 
identified by their hair patterns (Figure 4.3B).  Bees were identified to family using the 
online tools "Key to the Bee Families of the World" (Packer and Ratti) and Discover 
Life's "Bee Genera" keys (Discover Life 2013a).  Bumble bees were identified to species 
using the "Bumble Bees of the Eastern United States" guide (Colla et al. 2011) and 
Discover Life's "Bumble bees" key (Discover Life 2013b). 
While the bee bowls allowed passive, unbiased sampling of pollinator populations 
associated with each wildflower mix, I also wanted to sample the pollinators visiting 
individual wildflower species.  In order to do this, my field assistants and I hand collected 
pollinators from wildflowers using sweep nets, lidded plastic cups partially filled with 
alcohol, and a small hand vacuum sampler (Figure 4.3C).  After the first growing season, 
only the plastic cups were used for hand collections as they proved more efficient and 
less damaging to the specimens.  Each wildflower species was sampled during its most 
dominant blooming period, and pollinators were gathered from those wildflowers 
throughout each Operation Pollinator site.   
Twenty-five pollinators from each site were gathered from each wildflower 
species that came into sufficient bloom, for a total of 150 pollinators per wildflower 
species in 2012 and 125 pollinators per wildflower species in 2013.  Wildflowers that 
were very rare (e.g. hoary vervain or purpletop verbena) were not present is sufficient 
numbers for such a sample to be possible.  Wildflowers that were abundant at one site 
were not necessarily present at all other sites (e.g. annual sunflower), so the prescribed 25 
pollinators were only gathered at sites where the wildflower was present.  Collections 
took place between 9 AM and 2 PM when pollinators are most active, and collections at 
all five or six sites were typically performed either on the same day or on two consecutive 
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days.  A typical collection period took between 30 and 120 minutes, depending on the 
abundance of the wildflower species in question. 
All pollinators were "shampooed," "coifed," pinned, and identified using the same 
methods as those pollinators collected through bee bowl sampling.  All hand-collected 
pollinators were identified to species. 
In 2012, only lance-leafed coreopsis, plains coreopsis, and black-eyed Susan were 
present in sufficient numbers for the full 150 pollinators to be hand collected.  Partial 
collections were also obtained for bergamot and annual sunflower. 
In 2013, lance-leafed coreopsis, prairie coneflower, bergamot, black-eyed Susan, 
purple coneflower, and New England Aster were present in sufficient numbers for the full 
125 pollinators to be hand collected.  A partial collection was obtained from annual 
sunflower. 
Results 
 Data presented herein  represent the status of the project through 31 August 2013.  
Sampling continued until October 2013, those data will be added to  the journal 
manuscript that will be derived from this thesis chapter. 
Wildflower Evaluation 
 Because of the harsh weather conditions in summer 2012, including record-setting 
temperatures and a month-long drought, some Operation Pollinator plots were set back 
after their initial spring bloom period.  Bloom coverage, nevertheless, was maintained 
continuously from 20 May to 29 Oct, and 14 different species of wildflowers came into 
bloom (Table 4.2).  Three wildflowers were particularly dominant and remained in bloom 
for most of the field season: lance-leaf coreopsis, plains coreopsis, and black-eyed Susan.  
In addition, several wildflowers made very strong, though ephemeral, showings; these 
included bergamot, prairie coneflower and lavender hyssop. Others appeared sporadically 
in patchy distributions throughout the growing season. 
 In 2013, weather conditions were favorable and the Operation Pollinator sites 
were more productive as far as flowering.  Blooms started earlier (29 April), were 
maintained in higher density throughout the growing season, and 17 wildflower species 
had bloomed as of 31 August 2013 (Table 4.3).  Six wildflowers were particularly  
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Table 4.2.  2012 blooming periods for wildflower species in (from top to bottom) 
butterfly, diverse bee, and simple bee wildflower mixes.   
Mix  Wildflower Species  Start  End 
Butterfly  Black-eyed Susan  6 June  23 July 
Butterfly  Culver's Root  24 Sept  15 Oct 
Butterfly  Gayfeather     
Butterfly  Hoary Vervain  13 Aug  15 Oct 
Butterfly  Illinois Bundleflower     
Butterfly  Nodding Pink Onion     
Butterfly  Purple Prairie Clover     
Butterfly  Purpletop Verbena  6 Aug  15 Oct 
Butterfly  Rigid Goldenrod  24 Sept  29 Oct 
Butterfly  Wild Senna     
Butterfly, Diverse  Butterfly Milkweed     
Butterfly, Diverse  Golden Alexander     
Butterfly, Diverse  Lavender Hyssop  6 Aug  24 Sept 
Butterfly, Diverse  Rattlesnake Master     
Butterfly, Diverse, Simple  Lance-leaved Coreopsis  7 May  15 Oct 
Butterfly, Diverse, Simple  Purple Coneflower  6 Aug  24 Sept 
Diverse, Simple  Bergamot  12 June  17 Sept 
Diverse, Simple  Eastern Columbine     
Diverse, Simple  New England Aster  6 June  15 Oct 
Diverse, Simple  Ohio Spiderwort     
Diverse, Simple  Prairie Coneflower  6 June  2 July 
Diverse, Simple  Sweet Black-eyed Susan  6 Aug  8 Oct 
Diverse  Annual Gaillardia     
Diverse  Plains Coreopsis  20 May  24 Sept 
Diverse  Smooth Penstemon     
Diverse  Tennessee Purple Coneflower     
Diverse  Wild Sunflower  6 June  24 Sept 
Not all wildflower species bloomed in the first (2012) growing season, and therefore 
do not have start and end bloom dates.  Sampling terminated on 15 October. 
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Table 4.3.  2013 blooming periods for wildflower species in (from top to bottom) 
butterfly, diverse bee, and simple bee wildflower mixes.  
Mix  Wildflower Species  Start  End 
Butterfly  Black-eyed Susan  11 June  21 Oct 
Butterfly  Culver's Root     
Butterfly  Gayfeather     
Butterfly  Hoary Vervain  1 July  3 Oct 
Butterfly  Illinois Bundleflower  15 July  29 July 
Butterfly  Nodding Pink Onion     
Butterfly  Purple Prairie Clover     
Butterfly  Purpletop Verbena  3 June  21 Oct 
Butterfly  Rigid Goldenrod  5 Aug  3 Oct 
Butterfly  Wild Senna     
Butterfly, Diverse  Butterfly Milkweed     
Butterfly, Diverse  Golden Alexander     
Butterfly, Diverse  Lavender Hyssop  24 June  3 Oct 
Butterfly, Diverse  Rattlesnake Master     
Butterfly, Diverse, Simple  Lance-leaved Coreopsis  28 May  21 Oct 
Butterfly, Diverse, Simple  Purple Coneflower  24 June  21 Oct 
Diverse, Simple  Bergamot  24 June  26 Aug 
Diverse, Simple  Eastern Columbine  29 April  3 June 
Diverse, Simple  New England Aster  1 Aug  15 Oct 
Diverse, Simple  Ohio Spiderwort  20 May  1 July 
Diverse, Simple  Prairie Coneflower  3 June  3 Oct 
Diverse, Simple  Sweet Black-eyed Susan  24 July  3 Oct 
Diverse  Annual Gaillardia     
Diverse  Plains Coreopsis  11 June  15 Oct 
Diverse  Smooth Penstemon  3 June  24 June 
Diverse  Tennessee Purple 
Coneflower 
 
 
 
 
Diverse  Wild Sunflower  1 July  3 Oct 
Not all wildflower species bloomed in the second (2013) growing season, and 
therefore do not have start and end bloom dates.  Sampling terminated 21 October. 
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dominant and remained in bloom for significant portions of the field season:  lance-leaf 
coreopsis, black-eyed Susan, prairie coneflower, purple coneflower, bergamot, and New 
England aster.  As in 2012, other species put on strong, though ephemeral showings or 
were only strong performers when competition was otherwise scarce.  Species ranged in 
bloom coverage from covering on average over 30% of the plots to less than 0.1%, 
depending on the date and on competing species (Table 4.4). 
Pollinator Evaluation 
 There were four families of bees collected using both the passive bee bowls and 
the active hand collection methods:  Andrenidae, Apidae, Halictidae, and Megachilidae.  
Of those specimens collected using the bee bowls, halictids were the most abundant 
family with 494 and 605 specimens collected in 2012 and 2013, respectively.  Apids were 
the second most abundant family with 39 and 77 specimens collected in 2012 and 2013, 
respectively.  Andrenids were the third most abundant family with 5 and 77 specimens 
collected in 2012 and 2013, respectively.  Finally, megachilids were the least abundant 
family with 3 and 8 specimens collected in 2012 and 2013, respectively.  Although there 
were few significant differences in bee family composition between the wildflower 
mixes, the bee bowls still provided quantitative data about the relative abundances of the 
families in the three wildflower mixes over the course of the blooming season (Table 
4.5). 
 The hand collections revealed a range of efficacy in supporting pollinator species 
diversity, richness, and evenness in the sampled wildflower species (Table 4.6).  They 
also indicate that a given wildflower species can vary over time in its ability to support 
pollinator diversity.  For example, black-eyed Susan supported on average less species in 
the second growing season than in the first year of establishment (Table 4.6).  A total of 
423 pollinators were identified to species in 2012 (Table 4.7), and 628 were identified to 
species in 2013 (Table 4.8).  Of those specimens, there were 30 species identified in 2012 
and 40 in 2013, with a total of 49 unique species over the course of two years (Tables 4.7 
and 4.8). 
 The general population of pollinators also changed between the two growing 
seasons.  For example, in 2012 only two species of bumble bees were identified (B. 
impatiens and B. griseocollis) (Table 4.7), while in 2013 seven species of bumble bees  
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Table 4.5.  Family composition of pollinators collected by bee bowls from the 
complex bee, simple bee, and butterfly wildflower mixes and control plots in 2012 
and 2013. 
  June 2012 
Wildflower Mix  Andrenidae  Apidae  Halictidae  Megachilidae 
Complex  0.2 ± 0.2  1.5 ± 0.6  12.2 ± 6.2  - 
Simple  0.7 ± 0.7  0.7 ± 0.3  14.0 ± 7.2  - 
Butterfly  -  0.8 ± 0.8  7.3 ± 1.1  - 
Control  -  0.8 ± 0.4  8.3 ± 2.6  - 
  July 2012 
Complex  -  -  6.7 ± 4.3  - 
Simple  -  0.2 ± 0.2  2.2 ± 1.6  - 
Butterfly  -  0.2 ± 0.2  2.2 ± 1.6  - 
Control  -  0.5 ± 0.3  5.0 ± 1.3  - 
  August 2012 
Complex  -  0.3 ± 0.2  4.3 ± 2.1  - 
Simple  -  0.3 ± 0.3  2.3 ± 1.0  - 
Butterfly  -  -  2.8 ± 0.9  - 
Control  -  -  3.2 ± 1.2  - 
  September 2012 
Complex  -  0.3 ± 0.2  2.5 ± 0.7  0.5 ± 0.3 
Simple  -  -  1.8 ± 0.5  - 
Butterfly  -  0.7 ± 0.5  2.7 ± 1.5  - 
Control  -  0.3 ± 0.3  3.2 ± 1.2  - 
  June 2013 
Complex  3.2 ± 1.0  0.6 ± 0.6  4.4 ± 1.5  0.2 ± 0.2 
Simple  3.8 ± 1.1   0.4 ± 0.4  2.8 ± 0.7  - 
Butterfly  2.4 ± 1.2  0.2 ± 0.2  4.0 ± 1.3  - 
Control  4.0 ± 1.9  5.4 ± 1.6  10.2 ± 4.7  0.6 ± 0.4 
Continued on next page 
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Table 4.5 (continued) 
  July 2013 
Complex  -  1.0 ± 0.5  9.2 ± 1.3  - 
Simple  -  0.6 ± 0.4  7.8 ± 0.9  - 
Butterfly  -  3.4 ± 1.9  10.2 ± 4.0  - 
Control  -  0.2 ± 0.2  12.0 ± 4.1  0.2 ± 0.2 
  August 2013 
Complex  -  1.7 ± 0.6  15.2 ± 2.9  0.2 ± 0.2 
Simple  -  0.3 ± 0.2  13.8 ± 2.2  0.2 ± 0.2 
Butterfly  -  0.5 ± 0.3  12.8 ± 1.9  - 
Control  -   0.5 ± 0.2  8.5 ± 2.6  0.2 ± 0.2 
Not all bee bowls yielded specimens, resulting in large variation in total specimens 
collected from site to site.  Data presented refers to individual specimens caught per 
two pooled bowls per plot in 24 h. 
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Table 4.6.  Species diversity, richness, and evenness of pollinators collected by 
hand from wildflowers in 2012 and 2013, showing variation in pollinator 
assemblage visiting each floral species. 
Wildflower Species  Simpson (1-D)  Richness  Evenness 
                                                2012 
Plains coreopsis  0.65 ± 0.07  5.7 ± 0.08  0.78 ± 0.06 
Black-eyed Susan  0.58 ± 0.06  5.8 ± 0.40  0.68 ± 0.05 
Lance-leaf coreopsis  0.55 ± 0.09  6.3 ± 0.92  0.64 ± 0.07 
              2013 
New England aster  0.84 ± 0.02  9.8 ± 1.0  0.91 ± 0.02 
Lance-leaf coreopsis  0.78 ± 0.04  8.6 ± 1.0  0.84 ± 0.02 
Bergamot  0.69 ± 0.06  7.6 ± 0.8  0.77 ± 0.07 
Purple coneflower  0.58 ± 0.15  6.4 ± 1.8  0.65 ± 0.17 
Black-eyed Susan  0.45 ± 0.12  5.0 ± 1.2  0.54 ± 0.14 
Prairie coneflower  0.29 ± 0.09  3.4 ± 1.1  0.47 ± 0.15 
Simpson (1-D) is a measure of species diversity which takes into account both 
richness and evenness.  The Simpson (1-D)  index represents the probability that 
individuals randomly selected from a sample will belong to different species.  
Richness is a measure of the  number of species in a sample.  Evenness is a 
measure of the equality or distribution of species in a sample. 
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Table 4.7.  Pollinators collected by hand from the most abundant wildflowers in the 
2012 Operation Pollinator sites. 
Pollinators 
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Apidae         
Apis mellifera L.  -  -  1  1 
Bombus griseocollis DeGeer  1  3  1  5 
B. impatiens Chandler  3  1  -  2 
Ceratina calcarata Robertson  1  -  -  1 
C. dupla Say  -  -  2  2 
C. strenua Smith  1  1  -  2 
Holcopasites calliopsidis Linsley  1  -  -  1 
Melissodes trinodis Robertson  -  3  -  3 
Nomada texana Cresson  3  -  10  13 
Halictidae         
Agapostemon virescens Fabricius  -  1  -  1 
Augochlora pura Say  -  1  1  2 
Augochlorella aurata Smith  8  4  -  12 
Halictus ligatus Say  90  81  61  232 
H. rubicundus Christ  5  -  -  5 
Lasioglossum admirandum Sandhouse  2  1  7  10 
L. ellisiae Sandhouse  2  1  18  21 
L. foxii Robertson  -  -  1  1 
L. imitatum Smith  2  1  -  3 
L. laevissimum Smith  -  -  6  6 
L. lionotum Sandhouse  -  -  4  4 
L. lustrans Cockerell  -  -  1  1 
L. pectorale Smith  1  -  -  1 
L. pilosum Smith  1  5  -  6 
L. platyparium (Robertson)  -  -  1  1 
L. rufitarse (Zetterstedt)  2  1  -  3 
L. tegulare (Robertson)  -  -  1  1 
Megachilidae         
Heriades leavitti Crawford  1  -  -  1 
Hoplitis producta (Cresson)  1  -  -  1 
Stelis diversicolor Crawford  2  -  -  2 
Continued on next page 
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Table 4.7 (continued)         
Arctiidae         
Cisseps fulvicollis (Hübner)  1  1  -  2 
Nymphalidae         
Boloria bellona (Fabricious)  -  2  -  2 
Hesperidae  -  2  -  2 
Bombylliidae  -  2  -  2 
Syrphidae  19  23  23  65 
Total  146  136  141  423 
Specimens damaged beyond identification and insufficient blooms at each site 
resulted in less than 150 (25 per site) pollinators identified for each wildflower. 
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Table 4.8.   Pollinators collected by hand from the most abundant wildflowers in the 
2013 Operation Pollinator sites. 
Pollinators 
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Andrenidae               
Andrena atlantica Mitchell  -  1  -  -  -  -  1 
A. cressonii cressonii Robertson  -  1  -  -  -  -  1 
A. platyparia Robertson  -  1  -  -  -  -  1 
A. robertsonii Dalla Torre  -  1  -  -  -  -  1 
Apidae               
Apis mellifera L.  -  24  -  1  -  -  25 
Bombus auricomus (Robertson)  -  -  1  7  -  -  8 
B. bimaculatus Cresson  -  -  56  1  -  -  57 
B. fervidus (Fabricius)  1  -  -  -  -  -  1 
Bombus griseocollis DeGeer  -  21  3  29  -  -  53 
B. impatiens Chandler  3  32  2  2  -  1  40 
B. pennsylvanicus (DeGeer)  -  -  3  1  -  -  4 
B. perplexus Cresson  -  -  15  -  -  -  15 
Ceratina calcarata Robertson  -  8  1  -  -  -  9 
Ceratina dupla Say  1  3  1  -  -  -  5 
C. strenua Smith  -  2  -  -  -  -  2 
Epeolus interruptus Robertson  6  -  -  -  -  -  6 
Melissodes bimaculata (Lepeletier)  2  -  -  1  -  -  3 
M. denticulata Smith  8  -  -  -  -  -  8 
M. nivea Robertson  1  -  -  -  -  -  1 
M. mendica Latreille  4  -  -  -  -  -  4 
Nomada articulata Smith  -  -  -  -  1  -  1 
N. texana Cresson  -  -  2  -  -  -  2 
Xylocopa virginica (L.)  2  1  2  -  -  1  6 
Halictidae               
Agapostemon virescens Fabricius  14  15  -  7  2  1  39 
Augochlora pura Say  2  -  -  -  -  -  2 
Augochlorella aurata Smith  9  3  1  -  3  1  17 
Continued on next page 
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Table 4.8 (continued) 
Halictus ligatus Say  22  10  -  27  65  65  189 
H. rubicundus Christ  -  1  -  -  -  -  1 
Lasioglossum admirandum 
Sandhouse 
 12  1  3  6  6  1  29 
L. ellisiae Sandhouse  6  -  4  -  6  3  19 
L. fattigi (Mitchell)  -  -  1  -  -  -  1 
L. fuscipenne (Smith)  -  -  -  1  1  -  2 
L. lionotum Sandhouse  1  -  -  -  -  -  1 
L. pilosum Smith  4  2  -  5  2  1  14 
L. platyparium (Robertson)  -  1  -  -  -  -  1 
Megachilidae               
Coelioxys sayi Robertson  1  -  -  -  -  -  1 
Heriades carinata Cresson  -  -  6  -  -  -  6 
H. leavitti Crawford  -  1  4  1  -  -  6 
Hoplitis producta (Cresson)  1  -  -  1  -  -  2 
Osmia lignaria Say  1  -  -  -  -  -  1 
Arctiidae               
Cisseps fulvicollis (Hübner)  1  -  1  1  2  -  5 
Nymphalidae               
Boloria bellona (Fabricious)  5  -  -  -  -  -  5 
Pieris rapae L.  -  1  -  -  -  -  1 
Sphingidae               
Hemaris diffinis (Boisduval)  -  -  1  -  -  -  1 
Hesperidae  8  1  -  -  -  -  9 
Bombylliidae  -  -  1  -  1  -  2 
Syrphidae  -  3  2  2  7  1  15 
Total  119  135  109  94  96  75  628 
Specimens damaged beyond identification and insufficient blooms at each site resulted 
in less than 125 (25 per site) pollinators identified for some wildflowers. 
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were identified, including three uncommon and declining species (B. auricomus, B. 
fervidus, and B. pensylvanicus) (Colla et al. 2011) (Table 4.8).  Similarly, no squash bees 
(Eucerini) were identified in 2012 (Table 4.7), while four species of squash bees were 
relatively common in 2013 (Table 4.8), probably as a result of the emergence of New 
England Aster (Table 4.5).  Conversely, 17 halictid species were identified in 2012 
(Table 4.7), while only 12 were present in 2013 (Table 4.8), possibly because of the 
decline of black-eyed Susan in the second growing season (Table 4.5). 
Discussion 
 My  results provide useful information about which wildflowers are best suited 
for inclusion in recommended seed mixtures for Kentucky growers, as well as insight into 
how to modify the mix for use in other regions.  The ideal mixture will have strong 
bloom coverage from the first year of establishment onwards.  This will require including 
some pioneer species that will only bloom strongly for the first year (e.g. black-eyed 
Susan and plains coreopsis) as well as species that will require more time to mature (e.g. 
purple coneflower, bergamot, and New England aster).  The ideal mixture also will not 
contain wildflower species that will be so competitive that they will overwhelm all other 
species, leaving the plots barren after their blooming period has passed.  This was a 
serious issue in some plots containing black-eyed Susan in the first year and bergamot in 
the second year, though in most plots these plants were appropriately competitive.  A 
solution to this problem may be to reduce the seed rate for these two species, to only 
establish plots where initial weed competition is sufficient to inhibit runaway growth, or 
to manually remove these plants early in the growing season when it becomes clear they 
will be overly competitive.   
 Some other unexpected complications we experienced while establishing the sites 
including attracting undesirable non-pollinators such as groundhogs (Marmota monax 
L.), rabbits (Sylvilagus floridanus Allen), and finches (Fringillidae).  While under most 
circumstances these animals would not be a problem, many golf course superintendents 
may find the holes created by rodents and rabbits unacceptable.  The finches, while 
attractive native birds, consumed many of the seeds of the self-seeding annual 
wildflowers (e.g. annual sunflower).  Annual sunflower was a high-performing species 
that attracted a fairly unique community of pollinators, including many squash bees 
 
80 
 
(Apidae: Eucerini), and as such should be included in the final mixture—as long as it is a 
sustainable choice given the finch consumption of its seeds. 
 The set of wildflower species chosen for the final mixture also depends on how 
many pollinators were attracted to a given plant, the pollinator diversity a plant 
supported, and any rare or unique species pollinators utilizing the plant.  The wildflower 
species that supported the most diverse community of pollinators, New England aster, 
also supported some of the most uncommon species, such as squash bees and several 
declining bumble bees.  Other wildflower species, like plains coreopsis, supported little 
pollinator diversity and no unique pollinator species, though it was one of only three 
wildflowers that bloomed strongly in the first year of establishment.  We can expect the 
pollinator population to change over time within seasons (with higher diversity later in 
the season) and between seasons (with higher diversity after the first year of 
establishment).  Therefore, the tentative recommendation of wildflower species to be 
included in the final mixture is:  lance-leaf coreopsis, New England aster, bergamot, 
purple coneflower, black-eyed Susan, sweet black-eyed Susan, annual sunflower, plains 
coreopsis, Eastern columbine, lavender hyssop, and purpletop verbena.  This mixture will 
provide season-long bloom coverage from the first year of establishment onwards, the 
wildflowers will not competitively drown each other out, and diverse and abundant 
pollinator populations, including rare species, will be supported by these native plants. 
 The importance of protecting native pollinators and supporting whole pollinator 
communities has become increasingly important in the last few years.  Honey bee 
populations began a steep decline in the winter of 2006/2007 (van Englesdorp et al. 
2009), and the value of native bees in crop pollination has been investigated as an 
alternative source of pollination services and a buffer for the decline of honey bees 
(Vicens and Bosch, 2000, Rader et al. 2013).  Bumble bees and mason bees (such as the 
blue orchard bee, Osmia lignaria Say) are being raised and sold as pollinators in the US 
(Bosch and Kemp 2002, Velthuis and van Doorn 2006), and wild native bees are being 
cultivated near crops through wildflower plantings like Operation Pollinator (Heard et al. 
2007).  Loss of a single dominant native bee species can cause significant decreases in 
foraging efficiency of other bee species, resulting in lower pollination rates and 
ultimately in lower seed yields (Brosi and Briggs 2013). 
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Much of the U.S. public views golf courses as incompatible with environmental 
conservation. Current industry initiatives seek to change that perception. The U.S. Golf 
Association Wildlife Links Program encourages superintendents to “establish native 
flowering plants to ensure availability of pollen and nectar throughout the growing 
season,” though no concrete guidelines have been given to superintendants and other turf 
managers (Tanner and Gange 2005, Snow and Erusha 2006). Our project has provided 
specifics about which mixes to use, how best to establish them, and has documented their 
benefits.  Hopefully, our findings will help golf superintendents who wish to establish 
pollinator-friendly habitats on their own courses for conservation, public relations, and 
outreach education.  Based on positive responses from guests to our study site at Marriott 
Griffin Gate, Lexington, Marriott Hotels and Resorts (Marriott International, Bethesda, 
MD) has already elected to establish Operation Pollinator plantings on 40 of its resort 
golf courses  in the United States in 2014 (S. Sanborn, Syngenta, T. Bunnell, Marriott 
Griffin Gate, personal correspondence). 
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Chapter Five: General Conclusions and Implications 
 The goal of this study was to evaluate several sustainable turf maintenance 
techniques for their potential to increase beneficial insect populations, which could then 
provide vital ecosystem services such as pest suppression and pollination.  The three 
sustainable maintenance techniques in question were 1) raising mowing height in 
commercial and residential lawns, 2) establishing naturalized roughs on golf courses, and 
3) creating pollinator refuges on golf courses through the program Operation Pollinator.  
The backbone of these three techniques lies in creating stable, diverse habitats (with a 
focus on native plantings) which can in turn support stable and diverse beneficial insect 
populations, an approach that is a long-standing foundation of sustainable agriculture 
(Root 1973).  The same concept is applied in agricultural and urban insect pest 
management (Landis et al. 2000, Raupp et al. 2010), and supports many of the 
recommendations made by extension professionals to end-users.   
 In turf systems, however, while these recommendations are widely distributed, 
there have been few studies examining how landscape composition affects arthropod 
predator populations and pest control, and even fewer examining how turf managers can 
mitigate pollinator declines through landscape management.  Of the studies that do exist, 
most are not realistically representative of the actual conditions of golf courses or home 
lawns (e.g., Frank and Shrewsbury 2004).  For this reason, the studies presented in this 
thesis were necessary both to fill a gap in the scientific literature and  to realistically 
support the recommendations of extension professionals and decisions of homeowners, 
commercial turf maintenance companies, and turf managers including golf course 
superintendents. 
 Contrary to the original expectations for naturalized roughs on golf courses, 
which were expected to support more natural enemies and provide biological control both 
within the naturalized rough and radiating out into traditional roughs, we found much less 
pronounced effects.  Rather than supporting natural enemy populations that then provided 
services throughout the golf course, naturalized roughs and traditional roughs supported 
very different arthropod populations.  I also observed limited pest control benefits 
associated with naturalized roughs.  In fact, the most significant observation we made 
was that pest predation was very high on golf courses, except for on the highly managed 
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fairways, a fairly predictable result (Smitley et al. 1998, Rothwell and Smitley 1999, 
López and Potter 2000, Jo and Smitley 2003).  An experiment in Great Britain found that 
of 700 carabid beetles marked and released on a golf course, not a single beetle was 
documented even crossing a fairway, further supporting my conclusion that naturalized 
roughs do not serve as a reservoir of predators for the rest of the golf course (Gange et al. 
2003).  Overall, though naturalized roughs provide many environmental and economic 
benefits to golf courses, they probably do not augment predation on manicured areas of 
golf courses, at least not beyond their immediate vicinity.  However, despite my findings 
of limited parasitism on golf courses, it is still possible that naturalized roughs could 
augment biological control by parasitoids.  Previous studies (Rogers and Potter 2004b, 
Portman et al. 2010) suggest that that incorporating flowering areas into turf can increase 
parasitism, so the possibility warrants further study.     
 On the other hand, the recommendation that residential and commercial 
landowners raise their mowing height seems to be sound, scientifically-supported advice.  
We observed significant changes in arthropod populations based on only a small increase 
in mowing height, though we did not see changes in ants, the dominant predatory family 
in turf.  The ubiquitous nature of ants in turf systems is perhaps what led to the uniformly 
high levels of predation we observed at both low and high mowing heights.  Though we 
did not observe changes in predation, we did find that pest species reared in high-mowed 
grass gained significantly less weight and were less likely to survive than pests reared in 
low-mowed grass.  Raising mowing height both did not interfere with biological control 
services and it somewhat decreased growth rates of grass-feeding caterpillars, making 
it—in combination with the other benefits of increasing mowing height, such as a deeper 
root system, heartier stress tolerance, and less frequent mowing (Turgeon 2011)—a 
sustainable and suitable recommendation for end users. 
 My Operation Pollinator for Golf Courses project, the first of its type in North 
America, broke new ground by going beyond non-replicated demonstration status to 
provide real data for turf research in pollinator conservation.  From this work, I am able 
to make concrete suggestions for native wildflower mixes and management techniques 
for future pollinator conservation programs based in turf systems.  I observed marked 
changes in the pollinator populations after the first year of the program, a finding that 
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suggests that judgment should be reserved as to the conservation efficacy of similar 
programs until after the first year of establishment.  Three species of declining bumble 
bees were observed in the plots, as well as several rare squash bees and parasitic bees, 
and almost 50 species of pollinators were collected over two years.  The success of the 
Operation Pollinator program indicates that turf systems, even highly managed 
landscapes like golf courses, can be valuable resources for pollinator conservation. 
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